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NOTlW ON THE O/CGA NIZATION OF NDIK 

The duties uf the National Defense Ete~eurch Committee 
were (I) to recommend to the Dire&Jr or OSXD suitable 
projects and rcxcxrch progrsms on the irld’t,t.lrrrlcrlt,alities of 
warfare, together with contrsct fscilit,ics fnr cn,rrying out 
these projects snd programs, nncl (2) to administer the t,ccll- 
nical and Hcientific work of the contracts. More specificxlly, 
NDRC functioned by irlit,ixting rel;rarch projects on re- 
quests from thr: Army or the Navy, or on rcqucstx fronl :tll 
allied government tranflmitted through thr Linisnn Ollicr 
nf OSRD, or on its own considered initiative :t~ a resltlt, of 
the cxpcricncc of its members. Proposals prepared by thcb 
Divisinn, Panel, or Cnmmittcc ftrr ret;earch contracts for 
perfnrmancc of t,hc work involved in ~such projects wcrr 
first reviewed by NDRC, nnd if e,lq)mvcd, rccorrlrnendrd to 
the Director of OSHD. IJpon npprnvnl nf R 1jrOlj~JSftl by the 
DtreCttJr, a contract permit@ maximum flcxibilit,y of 
scient#ifio CffcJrt was arranged. The 1)11Hinesfi :tspactx of t,hc 
cofltr&Ct~, including SuCh mat,ters a8 materials, clraranccs, 
vouchers, patents, prinritics, legal m:tt,ters, and rtdministr+ 
tinn of patent mxttcrs wcrc handled by the b;xecut,ive Sec- 
retary of OSRD. 

Originally NDRC sdtrlinist,ered itH work through five 
divisinns, each headed hy nnr of t,hc NDKC: mPmhers. 
Thcxr were : 

nivisinn ,I - Armor and Ordnance 
Division B - Bnmhs, Fuclx, Gasen, & Chemical Problems 
Division (> - Communicntinn rind Transportat,iork 
DiviHinn D - Detcctinn, Controls, and Tnst,rumerlt,a 
Division E - Patents snd Inventions 

In u rCorg:t~~i%tti~J~l in Ihe fall of 1942, twenty-three ad- 
ministrat,ivc divisions, pan&, or commit>tses were created, 
each with .? chief sclccted on the basis of his outstrtndirlg 
work in the pnrticulnr field. The NDKC members then IX- 
came :t reviewing n,nd n,dvisnry gmUp to the Director of 
OSRD. The final orgnnizntinn was R,S follows: 

Divit;ioll I Hnllivtic lbsmrch 
Division 2 - bXects of impact, rind l~:xl)ltrsion 
Divisinn 3 - Rocket Ordnance 
Division 4 --- Ordnannc Aoceatiories 
Division 5 ‘. -- New Missilcs 
Division li .^ Sub-Surface Wurfarc 
Division 7 Fire (:nntrnl 
Division 8 - Explosivea 
Division 9 - CXlernititry 
Divitiinn 10 - Ahsolbents and heron& 
Division 11 - C!henrical Kngineering 
Division 12 ----- Tmnsl)ort,at,i~-rn 
~)iViSiOIl 13 ‘~ ~lectrkd ~~~Jl~~~~~ll~~~~:t~~~Jll 

Division 14 - Radar 
Divitlinn 15 - Radio Coordination 
Division 16 Optics rind C’nniouflagc* 
Division I7 _ . Physics 
Division IX - War Metallurgy 
Divisiotl 19 - Mi~cellaneouti 
hp~Jh!d Matlhcrn:tticti Panel 
Spplied Psychnlngy Panel 
(Jommittee on Prnp:~gat,ion 
Tropicn,l Det)eriorn,tinn Administ,ntt,ive CJomrnittee 
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NDRC FOREWORD 

A H EVENTS of the: yoLLw procctiing 1940 revealed 
more and more clearly the seriousness of the 

world situation, many scientists in this country came 
to realize the need of organizing scientific research 
for service in a national cmcrgcncy. ltcc:ommentla- 
tions which they made to the White Ho11se were given 
careful and sympathetic: alLenLion, and as a result the 
National Dcfr:nr;c: Bcsearch Committee [NDR,C] 
was formed by l<spc:utivc Order of the President, in 
Lhe summer of 1940. The ~nernhers of NDRC, ap- 
pointed by the President,, were instructled to supple- 
ment< tho work of the Army and the Navy in the de- 
velopment, of the instrumentIalities of war. A year 
later, upon the: cxt,t~blisliment of the Oflice of Scicn- 
tdfic Rencarch and Development, [OfiR,D], NDRC! 
hecame one of its units. 

The Summary Technical Report, of NDJX is a 
conscientious effort on the part of NDRX> to slim- 
marize ‘and evaluate its work and t,o present it, in a 
useful and permanent, form. Jt comprises some 
sevent,y volumes broken into groups corresponding 
to the NDRC Divisions, Fan&, :mtl Committees. 

The Summary Tnchnical Report of each Division, 
Ps,ri(?l, or Commit>tee is an int,ogral survey of the 
work of that, group. The: first volume: of c~sc:h group’s 
report cont>ains a surnrnqy of tllc: rq)ort;, steLing the 
problems prescnt,otl and the philosophy of aLtacking 
thcrn, and summarizing the results of Llic rcwarch, 
dcvclopment, and training xtivitics untlcrtakou. 
Some volurncs may be “stat,e of t,lie art” t,reatises 
covering subjects to which various research groups 
have contributed information. Others may contain 
descriptions of devices developed in the laboratories. 
A mast,or index of all these divisional, panel, and 
committee reports which togothcr constit>ut>c: t,he 
Hummary Technical Itcport of NDRC is contained 
in a separate volurn~, which also includes the index 
of :I microfilm rtxord of pertinent tet~lmic*al lahor~t- 
tory reports ant1 rcfcrence material. 

Some of the: NDRC-sponsored researches which 
had been dcclansificd by the end of 1945 were of suf- 
Kent popular interest that it, was found desirable to 
report them in the form of monographs, such as the 
series on radar by Division 14 and thp monograph on 

sampling inspcxtion hy t,hc: hpplicxl Mathematics 
Fancl. Sinc:r> the: rnatcrial t,rcatc:d in thc!m is not dupli- 
catcd in the Summary Technical Raport of NDRC, 
the: monographs are an important, part of the st0r.y 
of thcscb aspects of NDltC rcsoarch. 

111 contrast Lo the information on radar, which is 
of widespread interest and ~nuc:h of which is released 
t#o the public, the research on subsurface warfare is 
largely classified and is of general inter& to :L more 
restricted group. As a r:onsequenc:e, the rc!port of 
Division ti is found almost entirely in its Summary 
Technical Report, which runs to over twent,y vol- 
umes. The extent of the work of a Division cannot 
Llierefore be judged solely by the number of volumes 
devoted to itI in the Summary Technical Report of 
NDR.C: account must be taken of the monographs 
and available reports published elsewhere. 

The varied activities of Division 10, under the 
leadership of W. A. Noyes, *Jr., int:luclcd the study 
and development, of gas mask filters and absorbents, 
screening smokes, chemical warfare munitions, offen- 
sive chc&sl warfarc: dispersal of insecticides, and 
many problems rc?latc?d to these fields. Perhaps one 
of the most notahlc achievements of NDRC was the 
IXviGon’n dr:vt:loprnc:nt of smoke generators which 
were used for screening st,retcgic targets in all the- 

atcrs of ww. 

The Division’s contributions not, only grcat,ly aided 
the: Allied war effort ~ul saved both military and 
civilian lives, but will continue to benefit mankind in 
peacet,ime. The Summary Technical Report of Di- 
vision 1.0, prepared under the direction of the Divi- 
sion Chief and aubhorized by him for publication, 
presents the methods and results of the widely varied 
resc?arch ant1 tlcvclopmcx~t, prograrns carric!d out, hy 
thr very ahlc personnel of the Division and its con- 
tractors. For their invaluable achievements, we join 
thcl Nation in expressing our grateful appreciation. 

U#CLASSIFIED 





FOKEWORD 

I N PRESE;N’I~I NC: the Summary Technicd Report of 
Division 10 of thr: National Defense R,escsrch 

Commit,t,ee, the Chief of the Division desires cspc- 
cidly to thank those who have contributed of their 
time and energy to its preparation. In particular, 
Dr. W. C. Pierce has accepted full responsibility for 
ohmining the manuscript, from the various authors 
and for editing it into final form for publication. 
This task has been a long and arduous one which has 
maintained Dr. Pierce’s r:ont,ucts with defense work 
for many months after the close of the war. He dc- 
scarves special t,hanks for his efforts. Tlowcvcr, his 
efforts would have been fnlitlese \vithoutI the active: 
coopcrution of all of those who prepared the various 
chapters. The names of these men are too numerous 
to mention in this foreword, but t,hey dcscrve om 
real gratitude for putting in clear, concise form the 
resultIs of nearly six years of effort on military rc- 
search. Without the work they have clone, the tusk 
of reviewing and utilizing the vast amount, of infor- 
mation accumulated would have been superhuman 
for those who mightj engage in this work in the future. 

Division 10 was formed from Section R-5 and B-6 
of old Division I3 of the Nationa,l Dcfcnsc Research 
Committee. At the time of its formation, the Chic& 
of these two Sections were Dr. W. H. Rodebush, of 

the University of Illinois, and Dr. I). M. Yotit, of 
the California Tnstitutc of Technology. These two 
men deserve much credit for organizing the scientific 
work which later was incorporated in Division 10. 

Finally, it should be stated that the work of the 
Division was in a very real scnsc a coopcrat,ivc vcn- 
ture. The Summary l’cchnical Report makes IIO 

attempt to allocate credit cit,hcr to individuals or to 
contractors. From :I purcl,y scientific point of view, 
this is best. Vrom the standpoint of feeling of satis- 
faction which may be gained by individuals who have 
contributed to a worthy cause, the personal credit 
side is emphasized in the volume entitled “Chemis- 
try in World War 11.” In that, volume, an effort is 
made, inatlcqnate as that effort, may be, to give the 
namcti of those who have done the work. 

Vinally, the Division Chief feels that in addit,ion tjo 
those who have edited and written t,his volume, his 
sincere thanks are due to all of t,hosc who cont,rib-- 
uted to the work in thn laboratory and in the field. 
Without the effort,s of these people, the work of the 
Division could not, ha,vc been carried nutt 

W. A. NOYES:, ht. 

Chief, Division 10 





D UMNG WORLD WAN 11, Ikision 10, in common 

with other Divisions of NDRC, issued volumi- 

PREFACE 

disseminating informsticln among the contractors 
of the Section. Much of the material in these reports 
is also given in the 0SRLl reports. The B6 series was 
discontinuf?tl with the formation of Division 10. A 
list of tit,& is given in tl7.e IGbliography. 

nous mporl;s. These wor(: widely distribut,ed, but cvcn 
so, t,h(!rc Ltre few complr!tc files available tcxlay. A 
future worker could, by access to a complete file, 
rtxonstruct quite aocllrately the picture ax of today. 
This would, however, be very tedious and tirnr con- 
suming because of the large volume of repor’& and 
because these reports wcrt writ~t~en for currant use 
and oftfen dealt with fragmentary phases of the 
work : quite oft>cn t,he conclusions WCIY: (#hanged dur- 
irig the progross of the work. 

The purpose of thiF volume is: 

3. Di~Ccln 10 I,~f~v~~nl Reports. This scrics was a 

aont,inu:lt,ion of the B(i series, for interchange of in- 
format,ion among the Division corkractors. A ncpar- 
ate sorics was published for each of the sections of 
Division 10, each with it>s own serial number. 
I~csignations are lO.l- I, cttc. The series \VTts con- 

t,inucd to the end of thr! war. A list, of titles is given 
in the Bibliography. 

1. To summarize t#he work tlonr during World 
war II. 

2. To prcscnt final conclusions drawn from this 
work, from a critioul point of view. 

3. To suggest; further work which according to the: 
judgment of today might, bo profitable. 

4. Contructo~‘.s Repwts. At the conclusion of :I 
contract a final report was required. In addition some 
contractors submitt~cd special reports upon reques1, 
or periodically. Thr!a: reports are to bc formd only in 
the Division files. Tn a few instancns they arc in- 
cluded in the microfilms. 

In compiling this volume ::u1 account is given of 
most, of the activities of the Division, as cnumcruted 
in the Non-Technical Summary, above. 0nc major 
activity of the Division, namely the field t,cst,ing of 
gases, is largely omittAx because this work was per- 
formed jointly with CWS and is ndequntc~ly reported 
in the publications from San Josh, Dugway Proving 
Ground, and Project Coordination Staff, An account 

of NDKC participation in these a&ivitit!s is given in 
thcl History. 

5. Monthljj Surtwnary RepoTt. This was a monthly 
report, of the “IEWH letter” type designed for distri- 
bution only among the cont,ractors of Sections 10. I 
and 10.5. It, starlxd ,January 15, 1943, and continued 
until April 15, 1945. While all of the mntcrial given 
in this s&es was more formally reported in the 
081tD scrics, 1~11~ MSR, has been included in the 
microfilms. 

The t8echnic:al work of TXvision 10 and its pred- 

ecessors Sections B5 and H(-i was described in >I, 

series of different reports, calah of which had difformt, 

(:irculat,ions and were int,cx&d for different, purposas. 
Complete files of t,hc: more important sc:ric:s, Lhe 

ND13C and OSRD rcpor& are reproduced in t,he 
microfilms. Since ot,her scrics of reportIs wer(L of an 
ephemeral nalure t,heg wcrc nol completely n:pro- 
cluced, but copies art’ available in the Division filrs. 
The: following report,n were issued : 

(i Munitions Devdopuent Laboratory [MDI;I 
Mont/&~ f’ro!qress Reports. This series was published 
from .lanuary I9M to hme 1945, for rapid disscmina- 
Con of information c:oncerning developments in the 
MDL. It is inch&d in the microfilms. 

7. liYm~on~thl~/ Rep-t of the Division Chief. Bi- 
monthlg t,hc Division Chief prepared a summarizing 
report, of activities, which wan given a limited distri- 
bution in the upper echelon of 0SRD and to the 
Services. Since all of the material ol these reports is 
given firsth,hantl elsewhere, they are not, included in 
thck microfilms. 

1. OSRD. ThoH? are formal reports, cuch pre- 
sumably covnring some complotcd phase of work. 
Distribution was. through the 0SRD office and, in 
general, those reports were not circlllated to indi- 
vidual contr&ors. Serial numbers were chronologi- 
cal, without reference to tha Division from which the 
report originat,ed. A list of t,it,les of OSRD reports 

I’rom Division 10 is given in the Bibliography. 
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By w. A. 

D 
IVISION 1.0 WAS FOI~M~;I) from two sections which 
had been estahlishcd in 1940 for st,udying t,he 

l~-t~~d problemsof aerosols and of gas maskabsorbents 
respectively, By the end of the war, the activitien 
of the Division had broadened to cover many sub- 
jccts, some of which wt!re t,otally unrelated to either 
of those assigned by thr: Services at, the beginning. 
For the purposes of discussion, the work of t,hc 
Division may he subdivided under the following 
headings : 

I. Gas rnaxk filters. 
2. Screening smokes. 
3. Chemical warfare munitions (including smoke 

munitions). 
4. Gas rnusk absorbents. 
5. Offonsivc chemical warfare und related 

problems. 

C&sin miscollxncous activities do not fall under 
on(: or another of the above: headings. 

The work on tht: gas musk filter was ncccssitatcd 
l)y the ttire:~~t, of t,oxic aerosols set, up by munitions. 
The Ii. 8. Army gas mask filter of 1940 was satis- 
factory for rnMly toxic smokes of the type first used 
by the Germans during World War I, but this filter 
proved to bc vulnerable under certain climatic 
conditions particularly at, high humidities. Moreover, 
solid agents of exceedingly high toxicity are known, 
and the possibility of t,heir use made tlesirablc an 
improvement in the protection afforded by the filter. 

The activities of the Division ccntorcd around 
improvement, in t)he filter testing m&hods and im- 
provement in the filter itself. The IISC of radio- 
active tracers permitted qlutntitativc rncasurements 
of filter penet,ration t,o bc made, but optical methods 
wore much bott,c?r for penetrorncters to be used in 
control of canister production. Several improve- 
men& were made in oplical penetrometers and the 
devices in use by the Army and the Navy at the 
close of the war, had their origins in the work of 
Division 10. 

The theory of filtration developed by Section R-5 
indicated clearly that, the fibers of a satisfactory 
filter must have tliamet,ers of the same order of 
magnitude as those of t,he particles to be removed. 
Since such particles may be only a few tenths of a 
micron in diameter, filt,cr fibers of that size were 
demanded. 

While synthetic fibers were prodllced on a small 
scale by Division IO contracts, the naturally occur- 
ring mat,erial of high availability and with the right 
fiber diameter is asbestos. The incorporation of 
asbestos in alpha cellulose paper together with 
methods of providing adequate tensile strength wore 
the achic!vcmcnts of Division 10. Army and Navy 
gas mask aanistcrs during the last two years of the 
war wcrc cqrlipped with paper filters developed under 
TXvision 10 contracts. 

The screening of strategic t,argets was one of the 
early important problems brought to the! attention 
of &&on B-5. A critical examination of the theory 
of screening was carried out, on several contracts 
with the result that, H white: srnokc with particles of 
such diameter as t,o give rnaxirnum scatter of wave 
lengths in t,he neighborhood of 5000 Angstrom units 
was shown to be best. Methods of producing such 
smokes were devised in thr: laboratory and carried 
forward t,o a practical scale by various contracts. 
Smokt? gennrat,ors using high boiling petroleum 
fractions wcrc developed and used in large numbers 
by the Arrncd Services. This is one of the notable 
achievements of the NDRC in the war effort. 

The tactical use of smoke demands a different, 
type of screening material than the strategic use. 
Whit,e phosphorus was t,he principal material used 
in bursting munitions, but it had the serious dis- 
advantage of short burning time and of “pillaring”. 
These tiis:LdvRnt,:Lgca wcrc overcome by producing 
a whit>e phosphorus plasticized with synthetic: 
rubber. 

Thn offensivt: use of chemical warfare had been 
confined mainly to the standard agents of the last, 
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war in bursting munitions and in spray tanks. Di- 
vision IO was assigned the problem of developing nc\\ 
devices particularly for those agents which arc dr- 
stroyed by heat and which may huvc t,oxic:itit!s 
considerably higher than those known previously 
such as mutit,ard gas and phosgene. A thermal 
generator for xctting up aerosol clouds of mustard 
gas was dcvelopcd and showc:d promise in the tests 
carried out hy thr Chemical Warfare Service, al- 
though bombs based on this principle were not, 
manufactured in quantity during t,hc war. I”01 
thermolabile solids which are cxcccdingly toxic, 
a bomb was devised using gas prcssurt! without, 
burstcr. The main difficulty in using this type of 
agent is concerned wit,h proper micronization of t,he 
solid material and the prevention of agglornc?r:l.t,ion 
at the time the bomb is burst,. Satisfactory progress 
was made on these matters, but the improxsion is 
gained that t,he problem is far from solved. 

The gas mask absorbent in use by the United 
States Army in 1940 showed good protection against 
most, agents whc:n dry, but, was vulnerable toward 
certain agents such as arsinc-: and cyanogen chloride 
when wet. The work of Division 10 on gas mask 
absorbents concerned improvement in testing 
m&hods and improvement in thr: impregnation of 
charcoal. Related studies resulted in removal of 
soda lime from t,he canister filling, since this mat,erial 
is inert toward gases other than phoagene and 
hydrogen cyanide, the testing of gas mask absorb- 
ents by introduction of a simulated breathing ma- 
chine, t,he improvement in indicator solutions, and 
the full domonstratJion that, absorbents should be 
tested in canisters ralher than in tubes. 

The inc:orI)oration of silver and chromium along 
\vith copper for impregnating the charcoal was the 
main contribution of Division 10 t,o gas mask ab- 
sorbcnts. This impregnation gives well-balanced pro- 
tection against non-persistent agent;s untlcr all con- 
ditions of humidity and temperature which might, be 
encountered in the field. There is some: instability 
in storage, and certain types of charcoal are bettel 
than others in this respect,. NeverthrJcss, it, was 
shown that for 0rdinar.y conditions of USC, this type 
of impregnated charcoal is adequate. 

The contributions of t,he Division on offcnnivn 
chemical warfare other than munitions, wcrc (:o11- 
cerned with improvement, in field sampling dcvi(:eM, 
development of meteorological instruments, and aid 
to the Armed Services in carrying out an extcnsivc 
program of field experimentation with chemical war- 

fare munitions and agents. The results of this pro- 
gram were imparted to the Armed Scrvii:cs and aided 
materially in changing the doctrint? for the use of 
chemical warfare agcntx. Many men were involved at 
several different field stations in this countray and 
overseas. 

The work of the Division on the dispersal of inaec- 
ticides involved a demonst,ration that thcrc is an 
optimum particle size which is materially greater 
than that of :L good screening smoke. Since most in- 
set*ticidcs such as DL)T cannot be volatilized without, 
dccomposiGon, the production of a satisfactory 
aerosol must be based on principles different from 
those used in screening smoke generators. Tt was 
shown f,hat a frothing mixt,ure made by oil solutions 
of DDT and water li(:at,cd to t,he proper temperaturr: 
in a rapid stream, produced products of controllctl 
siec several microns in diam&:r. It, was demonstrated 
that particles of this size arc most, effective either for 
mosquitoes on the wing or for larvicidc control. 
Several generators for setting up such aerosols from 
t,he ground were cleveloped and exhaust, smoke gcncr- 
ators for planes and for a jeep could 1)~ adapted to 
dispersion of DDT aerosols. The plane dcviccs wcrc 
adopted by TVA and by UNRRA and wcrc used to 
some extent by the Armed Services. 

Some? of the problems not related to any of the 
:rbovc subjects may be mentioned in passing: 

I. The dissipation of fog over airfield runways 
was dcctncd t,o bc of vital importance due to plane 
losses in the United liingdom. The British system of 
gasoline burners was cxpcnnive and probably could 
not huvc: been usocl under conditions of high wind 
velocity. Various mcthodn of setting up heated ail 
curtains were studied by Division 10 and plans fol 
inst,allations on several Pacific islands were provided. 
A method of high-intensity sound precipitation of 
fogs wa..s also studied, but while some favorable 
results wore ot~t,ained, it is probable thaL this method 
would not, have been practicable in actual use. 

2. The purification of certain inorganic cofn- 
pounds to bc used by Division 16 in infrared viewing 
devices was undertaken by one contract in Division 
10. ~xtraortlinarily high degrees of purity arc 
essential for compounds to be used in this conncation, 
and the work of Division 10 did show that some of 
these impurities arc more important than others. 

3. In some Pacific islands, such peculiar air cm- 
rents are encountered that! the location of airfields 
must recognize this sitrlation. Since it is impossible 
for detailed measurcmcnts of these air currents to 
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be made in actual practice, the Air Forces requested 
Division 10 to make model studies in a wind tunnel. 
This was done, and the results were of interest to the 
Air Porceu in determining the locations for airfields. 

4. Since the Chemical Warfare Service requested 
a st,udy of the vulnerability of the gas mask canixt,er 
to hc made, it, was essnnt>ial t,lmt, new types of com- 
pounds be synth&zcd. Many new r:ompountls were 
made, but, most of Ihem involved flrtorinc: in one 
form or another. Consequently, attention was di- 
rccted to improvcmml, in fluorine gmcrators and to 
methods of synthcxis using clementnl fluorine:. Thc~sc 
extensive investigations did not disclose any new war 
gases of unusual promist:, but they did scrvc to 
eliminate certain ones from c:onsiclc:r:lt,iorl. 

5. Cyanogen c:hloritl(~ as a war gas has some ad- 
vant,ages ovf?r phosgcne, particularly in that pro- 
tection against1 it by most gas mask canisters is very 
poor intlccd. In humid, tropical climates, the 
Japanese: attnist,ers gave almost, zero protection. 
Since oy:lnogr:n chloride is not, stable in ordinary 
steel containr:rs lor long periods of time, 3 careful 
investigation of means ot. increasing the stability was 
made. Many of the factors affecting the rate of 
polymerization were studied, and although the final 
stahiliws was proposed b.y Division 9, the contrihu- 
tions of Division 10 to this su bjcct, were considerable. 

6. Hydrogen cyanide is a quick-acting lothal agent 
of great promise, ht it is inflammablf~, and, wlicn 
1jsct1 in most, munit,ions, it, in destroyed b-y a fail 
fraction of the bursts. Mt2ms of preventing infiam- 
mation of this agent wcrc studictl by Division 10, and 
it was fourid t,hat the incorporation of small per- 
centages of c:ert,ain hydrocarbons improved stability 

upon detonation markedly. 11; is believed, however, 
t,hat, the: fhal solution of t,hin problem has not yet 
been found. 

7. The oxygen rebreuther developed by the Naval 
Research Laboratory using LiOz had one serious dis- 
advantage clime to the accumulations of nitrogen in 
the circulating system. The elimination of this 
nitrogen was the subject, of a series of studies mado 
by Division 10. A small, supplnment,ar.y bf?llows which 
woultl flush out, :L small fraction of the gases during 
each breathing cycle was proposed and shown to bc 
satisfact,ory, although it, was not, sdoptetl. 

8. At, ono time, it, was proposed that t,hc: dis- 
st!mination of herbicides ovw f?nf?m_y terrkory might 
destroy crops and aid materially in short,cning 
the war. Means of tlisseminsting these compounds 
wer(: stilclictl t)y Division 10 and :I proposal was 
made which probably would have been adopted by 
the Army had the war lasted much longer. 

9. Smoke signals, particularly with colored 
smokes, were used either for target identification, fol 
air attacks or for markers during submarine tests. 
Division 1.0 designed smoke floats and bombs for 
both of these purposes. 

10. The standard smoke pot used by the Army 
contained a mixture of hexachloroethane, zinc oxide, 
and some reducing agent,, such as finely divided 
aluminum. Manufaoturt-> of thesc: mixtlm:s is dan- 
gerous, and the smoke from buch potn is cxtrcmely 
toxic due to the zinc. Wvision 10 c~evolopctl an oil 
smoke pot in which the oil is vaporized in a suitably 
tIcsignet Venturi hy the hot gases from a burning 
fuel block. ThiK nmokc pot would have been in pro- 
cluc:t.ion had tlic war Iastril x few months longer. 





PART I 

THE GAS MASK 

I N THE PWI~IOD 19&l to I.Y& there was uwy close co- 
operation between th.a National Defense Research 

Committee [ND fCC] and the Scwices on all smatters 
pwluining to th,c gas ,mmslc. Problems of research and &- 
valopnent were uttucked jointly, often with interchwlgc 
of personnrl. It is, th,crefwe, not possible or tlcsiruhlc to 
conjk this 1-eport to th,ut work wh,ich was done 01~ the 
NDRC. Rather, jar comlletencss, (1, r&urn& of th,e en- 
Eire field of gas mask dr7dopw~en~t is given in Part I and 
consequently, no attempt is m& to allocate credit, 
either to th,c various brunches of the Services o7 to 
NDRC. 





I .I. IN’l’K0I_)UC’I’IC)N 

T IIN DJWELOPMENT of a military gas mask began 
with the first gas attack ’ which was made by thr: 

Germans on April 21, 1915, in which they released tt 
cloud of chlorine for travel downwind. Ry May 3, 
1915, T(ritish troops had becn issuccl cot,ton cloth 
pads soaked in a8 solution of sodium thiosulfatc and 
sodium carbonate, which provided a measure of pro- 
t&ion. Zl‘rom April 1915 to t,hr end of World War I, 
the rar,e between offense and defense was close. In the 
offense, t,he use of chlorine was followed in turn by 
phoxgcne [CG], ohloropicrin [l’s], mustard gas [HI, 
lacrimators, and irritant, smokes. Concurrently, gas 
protection went through the stages of an impreg- 
natcd pad, a series of helmets of impregnated cloth, 
and finally a box respirator. This respirator was the 
progenitor of today’s mask, consisting of a (*an&e] 
filled wit,h chemicals for air purification and a face- 
piece. ‘I’lio efficiency of charcoal as an air purifier was 
rccognixed early and by April 19 16, Hritish troops 
wcrc using a canister which contained charcoal, soda 
lime, and permangenatc particles. 

When the TJnited Stat,es entered World War 1, an 
intensive researc:h and development program waft 
started on gas masks. The general dcxign of the IJ. S. 
mask that grew orlt of this work was much like the 
Hritish. The mask consisted of four major compo- 
nents: a facepiecc, canister, hosctube, and carrier. 
While crude according to present standards, it gave 
adequate protection against the attainable field con- 
centrations of that, time. The facepiece was con- 
structed of rubberised clot,11 and gave protcct,ion both 
to the eyes and to t,ho respiratory t,rac:t. T3reathing 
was through the mout,h by means of a hard rubber 
bit held in the teeth, and nose-breathing was prr- 
vented h;Y a clip to close the nostrils. The mask was 
very uncoxnfortlable. It was, however, perhaps even 
safer than modern masks, because there was no pas- 

sible danger from leaks at the face seal. The cani&er 

containetl about 680 1111 of a GO-40 mixturn of acti- 
vatted coconut, charcoal wit,h soda lime granulrs. Pro- 
tection was poor against, cyanogen chloride [CK] 
and arsine [$A], particularly wl~~ thr: charronl was 
humidified, but neither of thcsc gases was used tlur- 
ing t>lie war. Excellent, protection was afforded against, 
the gases then in use, such as CG, PS, H, and diphos- 
gene. Smokr: protection was very poor, but, was up- 
parently adequate because: there are no records of 
mask failure caused by smoke penetratiou. The car- 
rier was a knapsack slung on the chest when in use, 
but, ot,herwisc carried by a shoulder strap. 

Vollowing World War I, a continuing program of 
gas mask research and development, was maintained 
at Edgcwood Arsenal. Although budget,s wcrc small 
and staffs limited, extensive progress was made and 
t)hc masks in use at the start of World War II were 
much superior t,o those of 191X. Comfort, was in- 
c:rc:ascd by use of Tissot-type fat:epicc:cs which per- 
mit nasal breathing. Smoke prott?c:tion was much 
bcttcr, with the use of a carbon-imprcgna,tetl filter 
paper through which all inspired air was passed. aas 
protection was increased by an improved design of 
canister and by the impregnation of the charcoal 
with cupric oxide which acts as an oxidizing and 
basic medium for retention of acid or reducing gases. 
Nevertheless, there were at the start, of the: war two 
serious dt:fcrt,s : ( 1) gas prot,ection was poor against, 
CR, $A, and certain other gases when the charcoal 
had hecomc partially saturated with water vapor by 
equilibration with air of high humidity, and (2) tht: 
smoke protection could be broken down by prolonged 
cxpoxure to a smoke which nontaincd liquid tlroplcts. 
Both of thesc, as well as at,hr,r problems, wcrc sol& 
during the 1940 t,o 1945 period. 

1.2 GAS MASKS OE’ WORLD WAR II 

Army Serviac gas masks L-3.B of 1940 to 1945 were 
of various types. 
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SERVICE, OLII &YLE, MSAl-lXAl-IV a CIOMBAT OR ASSAULT R/15-1 l-7 

As irrrl)rovt:rrrr:rrts w(:r(: matl~, one 01’ the 0tlif:r of 

the rornponents was altered and Sr:rvic~c~ musks wcrc 
issued wit111 MIAl, MIA2, M2A1, and lV12A2 face- 
pieces, MIXAl and M9A2 ranistcrs, and MIII, 
MIIIAl, MIV, MIVAI carriers. The rrrask was chsr- 
actcrixcd hy a flabtype carrier mounted l)cncat,li the 
left armpit, a Tissobt,ype farepiecc comic&d by a 
long hosetube to t,he canist,er, and a large oval can- 
ister. The complete assembly weighccl ahout 5% lb. 
The MIA1 and MIA2 faccpicccs WCH: rnadc: of stork- 
inettc covered rubber sheets, assc~rrl~l~:d wiLh a seam 
beneath the chin. The eyelenses wcrc of flat, safety 
glass. All other facepieces were molded in one piece 
from natural, reclaimed, or synthetic rubber, and 
had curved plastic eyelenses. Several different types 
of head harness and out,let, valves were used in t>he 
various models. All types of facepirces had Tissot, 
tubes to direct, incoming air across thr eyelenses t,o 
prcvcnt fogging. 

‘l’hc caoml)at, mask w:~s tlevelopcd in 1943 t>o pro- 
vidrb a lightwc~ighl corrrpacl, mask without, a hosc$r~l,c: 
for use by assault tJroq)s. Ohjoctives in t,his dcvr+~l)- 
ment were : 

1. Light, weighL 
2. WatJcrproof rar’r’ic~r, so Lhat mask is not, soaked 

12-y immersion during an arnphit~iarr operation. 
3. Compactness. 
4. Elimination of hosetuhc:. 

It) was not rcquircd that This mask be RS rugged as 
t<lie Servicr mask. 

SERVICE, LIGHTWEIGIIT, M3-1OAl-A 

The Service mask was developed in 1943 to replare 
tJhe old-style Service mask. The name “lightweight” 
is somewhat, misleading. As originally designed, t,lie 
weight, watt about, :3Yz lb but, before starting pro- 
duction, prot,c:c:tivc capes and ointment, were added 
to the car&r, so that, the resulting weight, was 5% lb, 
t>he tiarne as thaLt of the old mask. The lightweight 
Service mask may have M2A 1, M2A2, M3, or M4 
fucq)it:c:c:s and Ml0 or MlOhl canisters. 

The mask, when devclopcd, r~xrt:c:decl the proposed 
requirements in many reapcts. After various t,el;t>s, it> 
watt decided to mount t,he canist,clr or1 the left, cheek 
as i l l t,he HritJish light, mask, and t#o rnako the car&cl* 
irrt,ercl-rangeable with the l3ri&h mask. The M 11 
canister tlepartu from previous praclicc: in that, the 
air flow is axial t,hrough a flat bed. The: c*arricr M7 is 
constructed of ruhbcrizcd cloth and is made SC) that, 
the flap has a watcrt,ight seal which will wit,hst,:mtl 
immersion for hours. The cnrrq&:t,c: assemhlg wit>hout 
cqeu or ointJment8 weighs about 3 11). 

DIAPIIRAGM 

a 

LLphrugm masks are the same as 8crvict: masks in 
all part,s except, the facepiece, which rontains a dia- 
phragm for voice trarrr;misnion. The diaphragm ma& 
ir;: classotl as :I, limitctl standard. 

The: clifffcrcnccs bctwc:c:n t,lrc! old style :~~ritl light,- 
wpight Scrvict: masks arc chicfly in the canister and 
carrier. The latter is clcsigrrcd for use in various po- 
sitions, narrr~ly, chest, side, or back. The hosetube is 
shortcncd from 27 to 18 in. The Ml0 ant1 MlOh I 
canisters are cylindrical, rncasuring Z~{C, in. in tiinm- 
et,er by 5% in. long. They differ only in the volumes 
of charcoal, which arc rcspcrtivcly 275 ant1 340 ml. 
The M3 and M4 facr:pioaoa arc nquippetl with nose- 
cups to keep exhaled air from rontart with the c:yo- 
lenses as an aid in prevention of fogging. 

Optical masks arc’ rrrttdc in t,wo styles. Facepiece 
iVI2 is designed for use with the ot#h(lr c:ornporrr?rrt,s of 
a Service mask. Its distinguishing fcat,ur*c: is Ihc addi- 
Lion of plRrie-adjust,nble eyepieces, and a diaphragm 
for voice tranami~sion. Yaccpiccc Ml is a special unit, 
requiring it,s own canister, carrier, (11; c&cm. IL is pro- 
vided wit,11 optical eyelenses and a diaphragm. The 
c:ur&er is mounted on a clip at) the mar of the head 
11:trnf:ss and is connectetl by two 8T,&in. hosr$rihcs t,o 
lhc air inlet, of the facepiece. It is about t,lic sarnc size 
as an Ml0 carristc~r ant1 gives al)outJ the same protec- 
tion. This rrrodcl is no lorrgcr llsecl by the Army. 

THAINING M2-I-l 

9 The model numbers for the gas nusk :t~~cwl~ly refer 
tcapectively to racepiece, c:tnist,er, rind wwrirr. Iksigtwtious 
src notI given for the rriirw cwiatituents such :a hoset~thc, 
outlet, vn,lvc, n,nd head hwncss. Prior t,u 1942, model numbers 
of standard items were in I’O~HI> ~IIIIW&, but itewtj 
sland:wdiaed thereafter were given nmhic model numl~crs. 
Thus, the MT;YAl c:tnistrr w:w revised in 1943 to M!)A2. 
Revisions of a basic model are drrwted by the letter A fol- 
lowed by nn tzrahic mm~lxx-. 

Optional part,s of th(b t,raining mtsk a~‘(: lV12AI, 
lVl2h2 facepierps and Ml Al cLanisl,c:r. This mask was 
iL:velopetl a8 a coinpart, liglit,wc:iglrl,, incxpcrisivc 
mask for use in training, and was never irrtJcrrdotl for 
combat, duty. Features ar(l a standard Service: fart:- 
piece with a small cylindricnl canister directly at- 
tuchetl :It, t,lie air inlot of tlic faocpiere so t,lrat Llirl 



HCCU~RF: of it,s light weight, rind compacI;nrss t)he 
tluining mask W:LS used in 1942 rend 1943 LLS u Service 
mask in fiomc: Ih(:aters, hilt, this pr:l.c:t,ic*r! wns discori- 
tinucd after t,llc: int,roduc:t~ion of t,he M3-1OAl-G mask. 
‘lb wrnkness of the training mask is in the slight, 
prolcct,ion :~ffordd h;y tht? c:iuiistler arid in tbr inter- 
frranw whicati 1,lic swinging c::midrr ~:LIISCS in &rem- 
011s exercise. 

COMBAT MASK - CHIN TYPE 

Tn tlic: spring of 1045, a reconv(:rsion propHm wfts 
organized to mak(: use of n:ttrd ruhher fuc:q&ce,r 
from old-style Srrvice masks which had Ir)ec:n rqdaced 
by l,li(: M3-lOAl-(i assembly. At, lhis time, no rubber 
was ftvailahle for the rnnnuf:~durc: of new fuc~: blanks, 
:d it was belic:vc:d that, old rubber fibcqiorrbs were 
superior to new ones matlc from neoprc:nc, the only 
mat(~rial availd~l~~ at, the timt:. Part, of t>hc: itvailable 
old fLtccpieces WCI’C converted 00 light,wcight &vice 
masks, and the rcmxinder t,o :L chin-type m:*sk using 
t>lie Ml1 canister. This was tlonc: by fitting Ibc itice- 
piccc with B mdnl atl:l,pt,cr so that, an Ml J canister 
odd be mounted l~eneath the: chin. This model hat1 
xcrious disntlvanl:tges hut, w::~s considered scrvirealde. 
NCW face &ukn for this m:isk were not, planned and 
~~roduction wBs limited to conversion of old f:l.c:fA 
ljla,nks. 

NAVY 

The Navy mask of World War II was lik(l the old- 
t,ype optid mask (wit,11 thr: canist>er mountccl on t,llc: 
head h:lrnc:sis) except Ihat8 curved pla,dir eyelenxcs 
were used. The edic:r cnnisters cbontained :d)nut 
275 ml c~li~~rconl, but, lat,c:r this was cli:~ngc:d t,o :&ou tS 
31iO ml, t,llc:rcbp incareasing the prot~r!c~t,ion. 

I .B GAS MASK ChNWI‘b;KS 

‘be c:inisLc>rs used in World War 11 :ir(: descrild 
below. Typical performanre tlnt,:l. for 1111~ ranistors 
are givc:n in Tnlde 1. 

MIXhl 

This is :i dial-flow c:3nist1er weighing about, 
1,000 F;. Th(: outer hotly is of corrugutod sheet, metd, 
rcctnngul:tr in cross s&ion but, wit)11 rounded latontl 

cdg~s. The adsorl,ent b is held in an irmc:r c:hcmical 
rontlitiner made of perforated metal sllc:c:t,. Air ent,ers 
the outer container tlhrough Rn i&t vtlve at, the 
l)ot,Lniri and flows radixlly tllirough ttic: diarcd bed 
tn a central inner ldw which is atlt,dd to :tu elbow 
nozzle mounted on the top of the ctm. A thin felt bag 
covers the: innc:r tube and tiervcs us & dust filter. The 
out,er hotly mc&sures about1 3’ i x 4!6 x Ss in. 

The filling is of two types: (1) Typr D mixture of 
copper impregnatd c~hnrconl Hnd so&t lime in the 
proportions 80 Lo 20, and (2) copper or copper-silver 
impregnat>etl c:liarcoal. The mc:sli size is 6-20 U. 8. 
srrepn. The volrlmc: of adsorbent, is &out 6.50 ml. 
Thr aerosol filter consists of 10 plies of c::tlbon im- 
prf:gna trd paper wruppd about) the outer srlrfat*e of 
the c~hernicnl container. This ~:LJXI’ ix macho by aspirn- 
tion of soot, fwrri 3 smoky fl:lmt: Llilough it porous 
t<exture pnpf~r. Fine: carbon filamerlls arc trapped iii 
the coar+se net,work of t<he paper end HCI’V~ as a, filter 
for removal of :tc:rosols. 

M9A2 

‘I‘tiit; (::inist,er is identictil in const,ruction wit>11 the 
MIXA 1 but, differs in the filt,or and adsorbent~. ‘1’0 
facilitntc itlent,ificlftt,ion, it, is rnark(:cl 1.~’ a yellow toil. 

The filter is &estlos impregnatc:d paper, depending 
upon t>lic: fine a&e&s fihcrs for filtration. Tlir d- 
sorbent is Type ASC chawoul (copper-silvr:r-c:ll~o- 
mium). ‘I%(: gas protection is t>hc best of any known 
canisf;cLr, l)c:c::tuse of tht: litrgc volume of ntlsorl~c:nt~. 
l‘h(~ design is not efficient for utilixntion of tllc: char- 
cod because peric:t,rat,ion occurs t8hroqli sections 
wticrc the layer depth is Icast nntl not, all ihe d- 
sorhont is cff&ive. 

Ml0 

This r:Lnist,er is cylintlrid, rnensuring 37:~ in. in 
tli>urlc(ar 1,~ 5ys in. in 1lc:ight. The generd principle is 
like Ihrtt of t,he MTXhl wit,h did :iir flow. The 
filt,c:r is asbest,on imprcgnntecl pper. ‘I‘lic rtdsorheiit, 

is 275 ml, 12-30 mesh, Type RSC: whctleritle. ‘l’hc> 
weight, is nholll> 466 g. 
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-. -. 

Mdd 

MlSAl 
M0A2 
Ml 
Ml.41 
Ml0 
MlOAl 
MI1 

-. -.- 

F’illing 
type VolrlIrlr 

A or  11 MO 
AS<’ 650 

I&c 220 220 
ASC 275 
,48(1 340 
ASC 250 

-.., --.-- 

2.5 
2.5 
I.0 
I .ti 
I .B 
1.8 
2.8 

C!K C’K 
M-80 O-80 

^I-_-.--..-- ,- . 
10.5 2 

15.0 20 
<0.2 1 

1.0 4 
3.0 7 

10.0 15 
3.0 7 

MlOAl 
The out,er size: and general constrru:Lion art-: the 

sarnc: as the MlO, the only diffcrencc: b&g in the size 
of the chemic*al (aontainer, which holds 340 ml AK: 
whr+lerite. As shown by d:it>a in Table 1, the gas pro- 
t,c:rtion is much greater than that of the M IO. The 
weight, is al)out 500 g. After introduction of t,he 
lMlOA1 motl~l, no more M 10 caanistcrs wrre ma,nu- 
fac:trlrccl. 

ivr 1 
The M 1 training canister was the first, of t#hc cylill- 

drical radial-llow mod& to be developed. It, was tle- 
signed for attachment, dirt!c:tly to the facepiece. Clan- 
struction is exactly like the M10, the only diffcrcncc: 
being in the length, which is 434 in. ‘l’l~! udsorbont is 
about, 210 ml ‘I’gpc A whetlerite. ‘l’hc filter is carbon 
impregnated paper. 111 1943 the Ml was rc~plac:c~l by 
the MlAl. 

lMlA1 
This can&or is identical with the !YIl , except that, 

tdlc filling is AK whet,lerite and the filter is asbestos 
irnpregnntJed paper. 

Ml1 
1’1~: design of thr: assault mask W&B mudc possihln 

by thr! development of this lightweight, axial-flow 
canister, t,he tlevelopmcnt of which depended upon 
pc!rf(:&lg an asbcstoa-bearing paper which c:dd Xx: 

folded t,o give a large area in a small space. The paper 
used now cont,ainx 5 to l.OOjO asbcntos fibers which arc 
inc:orporat,ed with the wood pulp in t,llc! pupcr rnanu- 
fat;turc and which provide the network of fine strands 
rt?sponsible for filtration. A method for folding a 
singlt: sheet, of arca 500 to 600 sq cm to give a fluted 
filtar of low resistance which is mounted at the influ- 
c>nt side of the canister has been developed. Above 

AC 
(HO 

8 
15 
3 
4 
7 

10 
7 

A(’ 
80-80 

c'c 8h 
x0-x0 ,," .-- 

50 <O.B 
50 212.0 
10 <0.2 
10 >5.0 
15 > 12.0 
25 r12.0 
15 >12.0 

PS 
80-80 

7 
7 
1 
4 
7 

10 
7 

the filter there is a aharcoal.bod 2.8 cm in depth by 
10 cm in tliatneter. The volurnc: is 250 ml. Prior t)o 
May 1945, M 11 canisters had &ccl parts and weighed 
abontj 350 g, but, production of alrur~inum body can- 

isLc!rs weighing nboutj 250 g was ,rtartcd later. The re- 
duction in weight, makes the assault, mask much more 
c:omfort,ahle to wear, because this side-mounted can- 
istcr exerts a marked torque on the left cheek. 

The M 11 canister is more efficiently designed than 
the Ml0 and gives eclual or slightly better protection 
with 25 ml less charcoal. It, is, however, not nearly HO 
rugged as the Ml0 or M 1OAl canisters and must, 1~~ 
rq~laced far more frequently. For the purpose origi- 
nally tlnsigned, that, is, for use by assault troops, it is 
exccllcnt. Only field experience in gas warfare will 
show whether the assault mask is t)&nr thaIi the> 
Hervicr rnatik for use III~W all conditions. 

I .1# 

‘l’hc irnprovornt:nts eff eco ted in gas protection dur- 
ing World War II arc srunmarized below. 

1. High-quality domr!stic: charcoals were dcvel- 
oped from boU1 coal and wood. Thcsc: (:a11 now be 
produced in any desired amount and arc more eco- 
nomical and better than the coconut charcoal used 
prior t80 the war. The cost, of production was lowered 
to lest;i than 30 cents per pound for some types of 
activated c:liurc~oal. 

2. An improved impregnated charcoal known as 
Type ASC wafi developed and was produced exclu- 
sively aft,er the spring of 1943. It was made by im- 
prcqqnating with a c~,,per-silver-chromium solution 
and drying at 150 to 200 C:. This adsorbent gave a 
much better balanced protection than the previously 
used Type A whetleritc. 1’rotc:ction was about the 
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same as that of Type A whetlcrite for CG, H, and 
I’S, but was much better against AC:, CK, and SA, 
particularly when the charcoal was equilibrated with 
moist air. Canisters filled with ASC: whctlerite pro- 
vided good protection against all known war gases, 
both wet and dry. For a comparison, see the per- 
formance data of MIXhl and M9hX canisters in 
‘I’abl~? 1. 

3. It was shown that c:arbon-imy)rt:gnat,ecl filter 
papc:r broke down rapidly when exposed to a smoke 
containing droplet~s of liquid, such as an oil-scrooning 
smoke. Thia was attrit)utcd to action of the liquid 
droplets on the fine carbon filaments which were nec- 
essary for filtration. l’roccsses wer(? developecl for irn- 
prcgnating paper with asbestos fibers, which gave 
very efficient filters that did not break down on ex- 
posure to liquid smokes. The filters used on MIAl, 
M9A2, MlO, and MlOAl canist,crx were of this type. 

4. An xsl)c:stos-l.)ear,ing, thick-sheet papor suitable 
for making folded filters of the German type was de- 
veloped. It was medc by suitably incorporating as- 
bestos with wood fiber during the mixing of pulp in 
the pspar mill. When a sheat 500 to 600 cm2 in ar(:a 
after sllitable folding was made into a filter, the prcs- 
sure drop was low and t,hr: efficiency of filtration wets 
very high. This type of filter, used on t,he Ml1 can- 
ister, was the best of any U. S. design. 

5. Two differant methods were doveloped for lold- 
ing the: single-sheet type of canister filter: mc, like 
the German, hy a special machine; the other by hand 
operation. Both typns produced excellent filters. 

ci. Methods were developed for wat#erproofing 
canisters of various masks HO that accidental imrner- 
sion during a landing operation would not, spoil a 
canister. All t,lmne devious had the: weaknens that 
some time was required to preparo a waterproofed 
mask for use. A waterproofing treat,rnc:ntJ for canister 
filters was effective in preventing the entrance of 
water int,o t,hc adsorhont section when the: canister 
was mbjectcd to a brief immersion. 

7. A good facepiecc can&r mask of the combat 
type was developed for use by t,roops rccluiring the 
utmost, mobility. This mask was compact and light, 
weighing only 1.8 lb without the carrier. The water- 
proof carrier protected tht: mask very well, even from 
prolonged immersion whilo wading ashore, yet pro- 
vided instant accessibility t,o the maEk. 

8. It, was shown that, with modern impregnated 
charcoal the use of Koda lime as an additional ad- 
sorbent is neither necaxxary nor desirable. Conse- 
qucntly, the use of soda lime in the canister was dis- 
continued in 1942. 

9. Improved methods were developed for testing 
charcoal, ranisters, and filters. 

10. Extensive stud& were made of the humidifi- 
cation of canisters in field use and the effect of humitl- 
ification on performance. Numerous ficlcl and labors- 
tory surveillance tests were mndc? to determine the: 
usefrd field life of canisters. 

11. Theoretical studies of the nature of the ad- 
sorption wave, the factors important in canister do- 
sign, thr: structure! of activated charcoal, and the 
stat,c! of the impregnant on t,he charcoal have mado 
possible a much bottcr understanding of the factors 
which influence gas protection. 

12. Improvements were made in components of 
the ftrccpiccle, such as the eyelenn and outlet, vulvc. A 
nosecup was designccl to reduce fogging of the eyclcns 
in cold climates. Synthetic rllbber was used to make 
facepieces of satisfactory performance except at low 
temperatures. 

I .5 S’I’ATUS IN lW5 

It was generally believed that t)he gas protection of 
U. S. troops was the best, of any nation’s armies. The 
supply of lightweight and raombat, Service rnasks was 
largr: rtnough to provide scveral masks for each man 
in active theat,em. All these musks had ASC-filled 
canisters with asbestos-type filters. The U. S. fact:- 
piec:r:s compared favorably in comfort and vision 
with thorsc of other nations. 

Although adequate protection was offc!rt?cl, it was 
felt tha.t furt)her improvements could and should be 
made. All the existing masks were very uncomfort- 
able for prolongc:d wear, particularly in tropical 
climates. Vision was far from perff?ct for any of the 
facepieces. All masks w~r(:, as carried, too bulky and 
heavy. Ipacc?pieces and hosetubes wore subject, to pm- 

etrxtion by mustard gas and wen? difficult to decon- 
taminate, Detailed comments on these and other 
features of the masks are given in Chapter 13, to- 
gether with recommc!nclat~ions for further rcsoarch 
and developments. 
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“.I “I‘HISHY OF GAY P15N IWKATTON 
‘I‘ISTS 

will just permit instantnncous per&ration. C:rtpucity 

W 

is d&nod BH the weight1 of gas rentraincd per unit, 

HEN A GACAIK MIXTUHE is paxsod Through :1 

vol~lmc of ndsorbcnt (loot,note b, CXapt~r 1) whr:n 

layer of adsorbent, the total rtrnounl of gas 

saturation is rc:rtcliod at, :t given partial prrssurt: 0r gas. 

taken up hcfort: the break p&at - ~1 point, at, which 
ponctration is noted -. will dqand 11po11 1,wo factors : 
Lhc activity and the: capacity 1 of the ::&orbent, 
Loward t,hc gtix used, with other conditions suc*h as 
concentration and flow rat,c being kr:pt ronstunt. By 
activit,y is Inant LL rate function of gas tdsorption. 
It is xn inverse function of the depth of 1ayc:r which 

gion A H ad the capacity N, of the atlxorbcnt. The 
length of the saturated region in turn depends upon 
the activity, or the length of the unsaturated region 
BC. This length dcpcnds upon t,he probability that a 
gati molecule will coollide with the adsorbent surface 
and, nft,er collision, 1~: r&Lined. The probnhility or 
st>riking the srrrfecc! is LL fun&m of velocity, particle 
size, temperature, and other fnctors. A more rorn- 

plate discussion of these is given iu Chapter 8. 

r-----E 

Figure 2 illustrates the effects of activity anti CB- 
pnc’ity on break times for layers of varied depths of 

I I 
LAYER DEPTH 

DISTANCE FROM INFLUENT END 

(time t)o the break point) arc! du)w11 in Figures L 
and 2. For an idonlixcd (:~ts(: Figure! 1 illustrates the 
distribution of gns conccntrxtion along it long t>u he of 
nrlsorbent~ a2t the tirnr a break is rcachcd. C,, is the 
influent, roncentrrttion, md C, the effluent,. In the 
wgion AR the adsorbent is srtturatcd or in equi- 

librium with gns Ltt n partial prcssllre C,,. In the 
rrgion JX the ndsorbcnt is progrt:ssivc:ly less altu- 
rated as the effluent end is approachc~l. Tha totd 
amount of gas restrained nt the: break time is de- 
t,ermined mainly by the length of t,he saturatrd W- 

t,wo xdsorhentu with diff(!rcnt, charactcrist,ic:s. CJurves 
such fts those are expcrimmtslly 0btainc:d by de- 
termining ~ltl plotting gas lives I0r various luyer 
depths. At bed depth m tidsorbent B will havt! the 
longer life, but, at, bed dnptJh n acl~orbc~nt, A 11~~~8 the 

longer lif(!. Adtiorbent, A hnl; greater cq)ac:ity X)ut, 
low(:r ac*tivity thm B. 

kctwe of the sep,zratc: c:ffectti of activity xnd c:a- 
pacity o11 the: test, life, it is not possible to obtain n 
reliable index of adsorbent quulity from n singlr: test 
unless thn tes1 is made under the caonditions nt which 

12 
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the adsorbent, is to be used. Therefore, while tube 
t,est,s were used formerly as the basis for charroal 
specifications, it is customary now to base the speci- 
ficat,ion t>est,s upon performance in the canist>er for 
which the c:harroal is procured, and to mak(? t)llc: 
csnister tcsl at ronditinns simulating act& use. 

2.2 ‘I’EST Chwcs 

At, t,tic! prt:sc:nt time, both Hritish and hinc&ans 
evaluate adsorben t1 quality in terms of the canist,er 
prot,e&)n afforded against five standard agc!nt>s : AC, 
C:K, CrG, PS, and Sh. In addition, t>llctrc: is a t>nbe 
test, ~~st:d t,o determine tlit? cxt,c:nt of activation of t,lip 
charcoal. The U. S. tc:st for this is known as t#h(: ac- 
&r&d PAS test, and the: Wtish t)cst# is rallcd the 
~~nZumc activity [VA]. Tlic latter is nsscnt~ially a rncas- 
urement of adsorptive power for cnrhon t,et,rachlo- 
ride Z under specific conditions.” 

‘I’ho choice of t,he test, g:rsc~ usd is hased in part, 
II~O~ the expected hazards in gas warfare and in part, 
on long established cuni,om. CG, AC, and Cl< ccr- 
t,ainly represent, prohahle hazards. CG, moreover, 
cm be considered as t.ypic:al for the: gasc:s which 
hydrolize to give l~alogen acids. AC and CX are per- 
haps t,ypical of cyanide-containing gases. The use of 
PS in testing datcx back to 1918, when it was an im- 
port,ant, war gas. Now it in not considcrrd a good war 
gas but, is retained in testing because it is the only one 
of the standard agents removed by physical adsorp- 
tion. Sh does not seem to represent an actual hazard, 
since t>o date: no good metlliods have been discovered 
for seMirig Ilp high field concentrations. It,s use in 
t>est,ing also dates back to 1918, when it, was found t#o 
penetrate tlic: rxisting canisters readily arid was con- 
sid(!rc:d as a potential hazard. C:onsidcrablo thought 
has tmc:n given to use of additional test, gases to c:val- 
Ilat>e IJ. S. adsorbent>s. lCxt>ensive surveys llavt: been 
in:&: of c~harcoal protect~ion for many diffcrcnt types 
of gases, but, to date no now agent of liigli toxicity 
and ability to penet>raLc: a caanistcr has rome to light,, 
c:xt:c:pt agents of typt~s rqm:st:ntrd in the CG ant1 
AC tests. 

It, is noted t,lial tlic: list, of standard test gases ~10~:s 
not, include tlic: pcrsisltcbnt, agents such as mrlslarcl 
and t,he nit>rogon mustards. These are omitted fol 
tcvo reasons : (I) adsorbent, t,est,s with persisbc?nt, 

agents are experimentally very difficult, hecause of 
the low vapor pressures (which limit, the gas concen- 
t>ration) arid the long lives ol)tained, arid (2) experi- 
ence has shown that t8he persistent, agents, which have 
high boiliiig points, arc wry c:ffcc:tjivcly removed 
from air by pliysicaal adsorption on charcoal. Any 
c+anistc:r which will protect, against, PS will protect, 
against a dosage of milstard vapor many times 
greater t,han is needed for penetration of the face- 
piechc-: (h-y solntioii iii the rilhher). Consequently, such 
Lcsts are riot, made a part, of charcoal specifications 
and arf! performed only oc:c.asionelly.14 

Each of the agents CG, CK, I’S, ant1 Sh evahlut,es 
a diffcront c~hLtrLtc:tc!risti(: of tjlic: absorherit,. (See Chap- 
ter 7.) Tll~ dry CG lift! clcpcndx upon the: amount, md 

state of the copper oxide imprcgnant. Tllc! wc:t, SA 
life is a function of the silver imprcgnatnt,; the: CX 
lifr> depends upon t>he state and amount, of hexavalent 
chromium present, as it Cu-Cr compound ; and the 
PS lift: depends on the adsorptive power of the char- 
coal. All gas lives arc highly dependent, upon the: 
quaMy of t,lic: ac:t>ivat,ed c:harc:c-)a1 used :bs t>tie he for 

the imprcgneni,. 

Prior to 1941 all gas t&s were made cithor at O-O 
or O-50 RI!Lh About this t,imc, work was begun on l,h(: 
clcvclopmc:nt of irnprcgnants to improve SA and CK 
prot&ion, and emphasis began to be placed on tests 
of moist samples. Partly by chance, and partly by 
design, t,he pra&e of equilibrating test samples 
with air at, 80”/‘0 RH was begun and this figure soon 
became standard for wet, tests. In retrospect,, it, is 
seen tlhatj the SOO10 RH was a good choice, because 
for most charcoals the wat,er adsorptlion isotherms 
are somewhat, flat in the region of 70 to 90fY, RH (see 
Chapter 6). C~ontiec~uently, if equilibration is done n,t, 
80°j, RH, an exact> humidity caontrol is not, important,, 
because :L 5 to lO0/0 variation will not great>ly affect, 
t>he a,mount, of water t>akcrl up. Further, it, now seems 
that, canist,ers which have been in use in t>ropical 
climates havt: wetcr contents approximat,c:ly eqid 

to that pic:kcd up on 80% (:quilihration. 
Several dif&~r~!rit, linmiilit~y conditions arc now used 
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in research and specification c:ont,rol testing. They 
are O-O (PS tube test), O-50, O-80, N-80, and 80-50. 
The last is used only when hydrolysis of the gas in nil 
causes difficulty at, high humidity. O-O canistJol 
tests are not, used chiefly because of the difVioult8y in 
drying large volumes of air. 

TART3 1. Canister test conditions. 

Humidity Humidity (Joncentmtion E’low rate 
GlL:ns ChlHWXtl :ti t rng/l IpIt 

cx: 
^ A12’-‘. ,ro 

20 ‘324eady 
PS AR 50 50 x&st~endy 
AC AR. 50 10 32-stendy 
(.!K E-SO 80 4 60-lmathet 
SA IL80 so IO SO-lrtuthcl 

“_.^ .^,, --- ---.----- 

In tl-ie present, routine whr:tlr:rit,c inspection tests. 
the conditions listed in ‘I’aLl)lc 1 arc ust?d. Tlic: symbol 
AR appearing in the t&1(: dcsignutcs normally dry 
charcoal ’54s mcfGvd.” In this cm:, the moistJure 
content, is less t,liari au/,, hy weight. If ncccssary, the 
charcoal is dried at 160 C. E-80 indicates that the 
charcoal is equilibratc~d at 80% rclativc l~im~iclit~y 
bcforc: testing. CG is tested at O-50 because per- 
fnrmancc is usually bettIer at 80-50. AC gives about, 
the same lift at, O-80 or 80-80. CK and SA are tested 
at, 80-80 boc:ause protection is lower at this condition 
t11u11 ut O-80. 

Humidification of charcoal for testing is a lubori- 
ous task, because the adsorption of wat,c:r vapor from 
an air stream is not, so rapid a proc~css as removal of 
most, other gases. Bather, when humidified air is 
Mown t,llrough LL layer of c*hart:oal, only a small frac- 
tion of the water is rt:movt\d. At 80(%, RI1 and an ail 
flow of 10 lit,c:rs per rninutc (lprn), it may require as 
rnuc.11 as 2 t,o 4 days to cqrlilibratc an MlOAl canister. 

In order to care for t,he large numbers of samples 
required in inspection tIesting, a special humidifier 
was designed at Edgewood Arsenal to handle 50 can- 
isters sirnult,anr:ously, and several units were con- 
structed by the Carrier Corporation. 0peration was 
very satisfactory and reliable; a single mut:hinc can, 
on continuous duty, equilibrate over 100 canisters 
per day. 

A number of designs for laboratory et~uilibratorn 
have been developed. All operate on t,he sum{: prin- 
ciple, that is, &earns of dry and saturut,etl air arc 
mixed in the ratios to provide the desired humidity, 
then blown to a distributor manifold to whic*h sumplc 
containers are attached. These outfits give satisfac- 

tory operation but lack the convcnicnce and auto- 
matic control of the large Carrier unit. 

The rate of equilibration varies frorn one charc:oal 
to another. It is customary, therefore, to continue 
the passage of moist, air through a sample until the 
weight becomes constant. Most types of charcoal can 
be equilibrated in less than eight hours on the Car&r 
equilibrator. 

It, is, fortunately, unnecessary to humidify samples 
at, constant temperature. Adsorption isotherms rnado 
at, various temperatures (see Chapter 6) have shown 
that, the amount, of water taken up by a sample de- 
pcnds upon t>ho rnlativo humidity of the air stream 
and not on the specific moisture content. All tetit 
samples arc cquilibratcd, thcrcforc, at, room temper- 
l~l,U~C?. 

FLOW RATE L 

For many years it was convcntionul to make cau- 
ister tests at a 32-lpm flow with oc:cusionnl cnginccr- 
ing tests at 64 lpm or higher. The 32-lpm flow rxtc 
was established in 1918 as an avcragc breathing rate: 
for men at, moderately heavy exercise. During World 
War I most, tests were, for convenicncc, made at 
steady flow. Some experimental machines to simulate 
intermittentj breathing were designccl and tcstcd. The 
results of these tests are not, availablr: today, but in 
the light, of present, knowledge it is dcduood that in 
tests of 1918 canisters there was littlc difference in 
steady and intcrmit,tont, flow lives.’ Probably it was 
bccausc: of such findings that intermittent, flow test- 
ing did not bcaomc: ostablishetl at, that, time. 

In 1942 it was found that, man-tests under condi- 
tions of heavy exercise: gavr: gas liveti much shortr:r 
t,han the standard 32-lpm lives for thin-bed canisters 
such as the Ml and MlO. Further investigation 
showed that, the peak flow rates of men at, heavy excr- 
cise were of t,he order of 150 t)o 200 lpm, with minute 
volumes of t,he order of 50 to 60 lprn. At thcsr: flow 
rates, the adsorbent, bed depth of Ml and Ml0 can- 
isters is so near the critical depth that ponctration 
occurs within a few minutes, and only a small frac- 
tion of the adsorbent is saturated at the brc:ak time. 
Thcsc ntudics lod to t,he development of breathe1 
pumps4 for IISC: in canister testing, to simulate: human 

” The his for thiti deduction is thn,t in t,hr deephcd I9 I8 
canister the unxatuntted zlone w:w prohnbly hut R frxction of 
the total hed depth. Consequently, in intermittent, flow tet& 
the increased flow rnte did not mwkcdly affect the amount 
of charcoxl which W&H wturnted nt the hrcnk time. It, is only 
in thin-bed cunistcrs that. large effects nre produced by nn 
increase in flow rate. 
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breathing. l~:xpcrimentally, it was found that a 
motor-driven rt:ciprocat,ing pump would give canister 
lives in good agreement with those from man-tests 
when the pump was opcratcd a2t a speed to give a vol- 
ume of 50 lpm. This pump, as first constructed, gave 
a sine-wave type of flow curve somewhat different 
from the flow curve of human breathing. Considera- 
tion was at first given to the idea of constructing a 
(barn-driven pump which would duplicate the average 
human hrcathing rate curve, I6 but when it was found 
that the! sine-wave pump gave t,est lives in agreement 
with man-t&s the cam-drive design was ahandonc:d. 
Suhscquent experience with breather pump tents con- 
firms the conclusion tha2t it, is not necessary to make 
the flow curve for the pump conform to the curve fog 
human subjects. 

When the breather pump was officially adopted 
Cor canist,cr testing, the previously used 50 lpm flow 
rate was r~ot,ained~Tt~is was a desirable choice, since 
this flow rat0 is also used in Rritish tests, which are 
made at standard fiow rdcs of 16 and 50 lpm. It is 
recognized that a 50-lpm flow cloes not, represent, the: 
maximum value: for men at heavy exercise, for whom 
values as high as 80-90 lpm, with peak flow near 
250 lpm, have been reported ; but, it is thought that, 
this rate in as high as any rate of sustained breathing 
likely to be found. 

The peak instantaneous flow rate for a 5O-lpm 
sine-wave pump is about 155 lpm. In the Rritisli 
SO-lpm test,, the peak is 100 lpm, the test being pcr- 
formed by an interrupted ntcady-flow, off-and-011 
50% of the time. In a number of comparisons, it has 
been found that if indicators are identical, the British 
test agrees with the U. S. test. Only in exceptional 
instances, where the thickness of adsorbent layer is 
near t,he critical depth, might it be expected t,hat the 
British and U. S. tests would disagree. Then t,hc? U. S. 
test, because of t,he higher peak flow, might give con- 
siderably shorter lives. 

At the present time, whetlerite inspection tests arc 
made by 3%lpm steady flow for 1’S, CG, and AC, and 
t)y 5O-lpm intermittent flow for CK and SA. This use 
of both types developed at, t,hr: t)ime thr: breather 
pump was adopted, because of equipment shortage. 
Since this plan has worked out satisfactorily for in- 
spection testing, t,herr: is no reason for changing the 
CG and AC t&s to the higher flow rate. The CK 
test suffices to disclose any whctlerite of low activity, 
and the 32-lpm tests Ior CG and AC provide indica- 
tions of the gas capacity and the quality of the im- 
pregnant. 

Thr: flow rate used in charcoal tube tests was for 
many years standardized at 500 ml per min pel 
sq cm or a linear velocity of 500 cm per min. (An 
cxccption was in the accelerated PS tube test, which 
was made at 1,000 cm per rnin linear flow.) The origin 
of t,his rate is not, known, hut, probably it was start,ed 
in 1918 for the purpose of correlating tube and can- 
ist<er tests, since the linear flow in the 1918 canister 
was at about, 500 cm per min for a total flow of 
32 lpm. 

In research t,ube testing, there is no a priori reason 
to employ any standard flow rate. However, a value 
of 500 cm per min is May most widely used bc~c:uus~ 
t,lie apparatus was originally designed for this r:ltl(*, 
and flowmet,ers ar(? calibrated for this valur. 

When a layer of adsorbent is travcrscd by a gas-air 

stream the initial concent,rnt,ion distribution through 
the absorbent, may be represented by the curve of 
Figllrc 3A. Some gas penet,rat,es instantly because: 

thr distribution along t,lie adsorbent layer is cxpo- 
ncntial wit,11 distance, but, the penetrating concen- 
Irat,ion is much lower than the r~ual “break” con- 
ten trat,ion except when very thin layers arc used. As 
the test, continues, the adsorbent at the influcnt, side 
becomes saturated and the unsaturated region moves 
progressively toward the effluent end of the bed. The 
sit,uat,ion at time: th is as shown in Figure 33. When 
the effluent c:onc:r:ntrat,ion reaches the break concen- 
tration C,,, the adsorbent is considered to be ex- 
hausted and thr: time required for penetration t,o 
reach C,, is taken as the test life th. N’rom these con- 
sidcrations one can see that, the choice of test, indi- 
cat,or has an important role in defining the adsorbent, 
lift!.“, 12 If the indicator is exceedingly sensitive, peu- 
etration may bc observccl at zero time. On the othcl 
hand, if the indicator is insensitive, penetration may 
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not, t)t: irrclicatd until the c:flluc:nt c~onc:c:nLration l)+ 
(‘orrrcs litrgc:, when moat of the bed is sntumtletl. 

In pmctico, an rffort~ is made to select an intlic:~~tor 
of suc*h sensitivity that it will show a break when the 
c:ont:cntration of gas that, penetrates is of phgsiologi- 
cd significance] that, is, when the gas becomes r&cc:- 
able by causing lacrimation or choking or w11c:n it, 
approaches a concentration which may he clsngeror~s 
if br*c:aLli~cl for a short time, Vor gases such BS CC: 
or CX, which itre detectable by smell or I~~crim:l,tiori 
itt low concentrations, the indicator tm::tk poirrL 
should coincide with human detection. In cusc of 
gases which are tlet,ectletl with tlifIbrlt,y, srlc~h as SA 
nncl AC, the intiicntlor break point, is fixtd hc:low the 
c:onc*en t&ions or dosages which :.II*(: tliorlght In he 
dangerous. 

A.list of the break point c*onditions in use at, the 
present time is givcri in ‘l’d~lc 2, wit,11 source refer- 
cm:(:s for carh. Tt, will he nded tlrd t,hc SA indi&or 

Brenk point 
concentratiorrs Physiologicnl 

JJlg/ 1 significnnce t30Llrw 

0.007 :! 0.001 lacrimatory ‘JTIMlZ 758 
0.009 * 0.002 coughrig SDTW 10.1~-3 
0.004 ? L4TR 251 
10 Iq!, told dnngcmns TDMR 4% 

NDRC 10.1-3 
0.01 rt 0.003 odor TDMR 4X 
0.008 lecrimn,tmy NDHC 10.1-24 

responds to tt Lola1 penetration of 10 rug, while all 
ottiert; are exprcswd on a gas conccrrLr’ftLion basis. 
This tli~ererrt,iut,ion is made becaust: t,lrc! dfccts of 
SA arc thought to he cumulntive, wlrilo for Lhe other 
gtbsex tli(:rc is fi detoxification thrdiold hclow which 
the gxs may l>c l>reatlied without, dengcr. 

It is appxrcnt from the data of ‘Cable 2 that1 the 
test, iridictttors show a break before the point, is 
rcachcd ttt which n lethd tlosugc: pc:netmtes. Some 
meLtsur(:rri~:rlts have been md: of the dosage rc- 
quid t,o cause penetration of Japanese, Gerrnrtn, 
itncl U. S. canisters in lethal amounts la for cont,irrucd 
gas exposure and for g:-bs exposrtrc: followed by tic- 
sorption. These st,udiec; show that for U. S. canixLc:rr;: 
t,hcre is x considerable safety factor afLc:r penetration 
t)c~corrr(:s clet,c:c:taldc hefore it, t)r!corrics dangerous. P’or 
gases srwll &H CK, which are h:.1r*tissirrg, t,hc penetra- 
tion will cause discomfort, or pc:r.li::q~s panic at, just 
ubout the time of the chemical hrc?ak. 

Drscript,ions of the intlicat,ors now used three givc:n 

in tllc> r’(:f(~r’cnccs of ‘I‘:thl~ 2. These indicators are BO- 
lutions whip11 contrtin a ~hcrrricd tlr:.tt, will react, with 
t>he t,est gas, t#oget,her with sorrr~ snt)st~:mce which will 
show a color rhangp. Effdivdy, t,here is :L titr:rtion 
of the indicator cliPrnic*al hy tllrc: l,c:sL g:is. Thus, it, is 
necessary to employ a rnr~asurd volurnc! of intlic:~toi 
solution and to obtain t,he color cliangc: wil,liiri tt pi*c!- 
scrihccl tirnr intrrval, usudly 2 or 3 minutes. In :L 
t,&, there is a srrics ol indic*rtl;or I)reaks at, const:lntly 
diminishing lirrrc: inlcrvuls rrrrLi1 the point is reachetl 
at which 9 fre& solution will givt: :I odor clr:*rrge 
within the prescrihcd intervd. Sorrrctirncs it, is not 
easy to establish just, where t,his point, is r~d~~:d, 
which causes some uncertaint,y in Lhr test, lift. Nor- 
mally, however, the effluent ronceritratiorr rises qrrit,c: 
rapidly nenr the break point, ant1 t,his point can be 
locntled quite accurately. 

Vither physical or chemical break indicators may 
he employed in testing. In research work ld~ysic’al 
methods are preferred because they arc gc~ncdly 
more objective t,hnn chemical tests, which usually 
depend upon color changes in n solution. Further atl- 
vantages of physical metlhods nre that, they give an 
instantaneous rather t,lian a cumulative ronreritra- 
tion value, and t,hnt, physical metlhod readings cnn 
usually he recorded :tut,omat,icnlly. I)isatlvnnt,ages 
:-u-e in their nonupecificity ant1 in the complicntetl :~ritl 
expensive equipment1 required. Almost any t,ype of 
physical measuremerit, which npplirs to a bin:q sys- 
tem of known comporrc:nts may he :Lpplietl. Among 
those irirrti*nmerit,s whic*lr liavc found witlc :~pplic&il- 
ity in :dsorl)c!rit, tcstirrg Ltrid gas clc:t,c:c:tiori :II’(: gus in- 
terferotnetcrs, ultr:tviolrl,, visildc, :triil infrard rth- 
sorption ~)liot,ol-nt:t,c:rs, hritlgc~s for mc:asirririg t,lrc: con- 
ductivity of solirtiorrs corrtuinirrg tlic: gits or 11oitL con- 
drrdivity from hot-wire meters, arid PI-I measure- 
rncrrts on solrrt,ionx. Each of t,hese mct~hods has special 
fidtls of :tl)F)lic:Ltl)ilit,y. 

CONCENTRATION OF TK’;H’I’ GAS 
In World Wrtr I iL was customary t,o test at n vol- 

lrrrrc concentration of 1,000 pprn except, when this 
rnadr: scrvire times t,oo long; in such cases, con(*cri- 
tratiorrs of 5,000 or J 0,000 ppm were used. The Britb 
isle dill make many of their canister t,ests at, tt (*on- 
c:c:nt,ruLinn Or 1 per 100 ( I ‘y0 by volume), but, prcst:rrL 
IJ. 8. lmtctire is to express concentration as tnilli- 
gr:tms gtts per liter and to use a round number iri- 
nkacl ol working on 8 volume hasis. Many tclsts are 
rnftcle at, 4 mg per 1, p:diciilarly in rc~seardi. When a 
higher coricerrt,r~r,t,iori is no&d to obtain liven 0r con- 
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venient length, die values are usually IO, 20, 01 
50 mg per 1. 

The choice 01 test, gas coil~eiltmtion is usually 
made on the basis of the life obtninetl. Tn rnnistf:r 
test8 it, is convenient, to I~tvc livf+s of 25 to 50 min. 
I,onger lives are too timf: c:orls1lmirlg ~1t1 shorter ones 
are subjrct lo too much error I)ec:~ir~e of uncert,ain t,y 
in fixing the cxrtrt, break point, Whenever possiblr, it 
is dcsirablc I,0 make gas tests :It, low concentratlions 
(near 4 mg per 1) which correspoutl fGly well with 
nvf~ragc firld concent,rnt~ioris, wlierc dues of 10 to 
50 rng prr 1 are att,ainetl us11~1ly for only short, prri- 
ads. Tfding rtt high collcerlt,r:Lt,ions 1~~s two did- 
vantftgps : (1) 0Iten n high f~orlc~erlt,l,at,ioli will cause 
large heat, effects which tt:rd t>o dry tllc: cburiister anti 
may also affect> prot8ec:tiori l~::~r~sf: of tlic temper- 
ature rise of the dsorheut,; (2) if lh(: i,cst, g:~s is re- 
movctl by &orption alone, :L t,est :t.t, high conc~ntrft- 
tion may indirat,e a misleding :I.mourit~ of protection 
l~c~c~:t~~sf: t,lir rt&orbentl at the irifillerit~ side is satu- 
rftt,cil al a high part,ial pressure of g:rn. For example, 
it WL~S found t,liat, in n t>est, of riori-imI)regri~~t,ed char- 
(d with CK at high collcerlt~l,:.lt,iorl (27 mg per I) a 
dosage of about, 135 nig pf:r mill pf:r I wTts rcqlliretl 
for penetration. When thf: g:ts c,onc,f:nIl,nt,ion was rc?- 

duced t,o 0.27 mg per 1, the protection waf: rc:clrtc~d t>o 
a dosage ol’ 13. At, t,he high (.orlc:c:rlt,r:tt,iorl, the influent, 
laycr~ held a large amount, of gus. lrl tllc: 0.27 mg per I 
t,est, the influent layers lidd littlc guts bc:c*ullse of tlic: 
low parCal pressure, arid tlic: prol,c:c6on obt,airietl W:.LS 
low. When the t,est, gas is tlcstroyd hy c:hc~mic:al M- 
Con, there is not, s~icli :I gre:lt, diffcrc:uc:c: in the :Lmourit, 
of prvtection :dhrtlofl Ott high id low (+fm(~cutra- 
tions. (1.8. AK-fillf:cl canisters will rest,rain about 
the: s:.ml(: wf:ight, of AC, CT<, or C:G at> 4 or 20 mg per 1. 

Iu geric:rd, litt,lf: 1~s bf:cn done about1 temperature 
c*orit,rol irl t,ubc: and canister testing. C:ust~om:Lrily, 
srdl l,(:st,s arc made at, t,he prevailing room temper- 
:ttllrf’, I~~:~:MHc lor most 01 the t,est, gases, minor vllr- 
:ktioris iu tcmperaturc do not, cause large efffd. 

hhf~ov~, cont,rol or externd t,emper:ituro woultl 
not, greatly affect, t~einl,et,:l,t,uI,f‘s witliiri tlic: c:itnist,cr 
becn,use heat, c~ontluf6vity in tllc> c~h:trc:od Id is 
low. 

‘1‘11~ only ~oiitrol test, ni:itle :Lt, (~oristLiri1, t,c~iipf~I’u- 

ture is the $314 tul)e test, (now ohsolf:tc:). In this t,est, 
it has heen found t,hat, :L tlic:rmostrtt,ic:rtlly c*ontrolled 
water jacket, around t,he test, tu IX> will :d in ttt,t,ain- 
ing reprtducilde results. 

ture tlhrough nn dsorbf:nt~ Let1 (of pretlet~ermincd 
thickness) in n small t,ubc: until pf!rlotrt~tion occurs. 
Tt:st>s of this t,ypc arc rnuc*ll more: convenient, and 
c:c:onomicd than canidcr t&s which require large 
air flows and large qllantit ies of gas snd charcoal. 
Originnlly, during World W:lr I, there was probably 
friir correlation l” bct,wc:c:n tillle tefit, lives and can- 
ist,c:r testIs on the sftmf: :tdxorhent, bectiuse at that, 
time the canister const,ruc:tion was like that of a large 
t8uhe, wit111 axial flow tllrollgl-1 a thick bet1 of adsorb- 
cd. I&er, as c*ftnistc:rs were made with thin beds 
tint1 low linear (low mlf:s, a good oorrel:ltion between 
tutw anti canister trets lives no longer existed. The 
i~sf.! of tube t,estN for cliarc~d >Lrid wlietlerite specifi- 
ostlions was discoritiriuetl in 1943, except for the PS 
t,est, and t#oclay ull gtts protIection specifications are 
ksed upon pc:rforrnarlce in the canister for which the 
dsorbent is proc:~~rcfl. Tube tests are still widely 
usrd in rc~st::1rcli st,iitlies because of their ronvcnicnrc, 
speed, and tlic: srrd quantity of sample required. 
Properly intlf:rpr&31, they yield much useCu in- 
formation. 

The eyuipmf:rit rcquirctl for t>u he testing is simple. 
A ga+:tir mixture is prepared by introducing a mc- 
ted gris stretlm, or a, gas-laden air stream Irom ft 

bubld~r t,llhe, int<o a. metered air stream. AltIer passing 
through :t mixing chamber t<he gas-air mixt,urc is 
lord irit>o : manifold t>o which t,lie test sarnplcx 81-e 
at,tac:hc:tl. The test, tubes are uniform-borr glass cylhl- 
cl~rs, ~~sir:~ill~y :.il>out, 2 cm in diameter and coritttin I~(::.LI* 

the lower f:rld ti fl:it, perforated plat>e acting as a F;ul)- 
port, for tbf: 1ttyf:r of :dnorhent. The test sa,mplc is 
loadcd into the: l,uh(: by gr:lvit>y fall from :L vibrator 
hopper, wliic*h gives :L slow ant1 uniform feed ratf:. 

‘I%(: crdornury hetl depth is 5 cm, which rcquiros 
only about, 15 rid of ttic mmple. li’low is downward 
through tlif: s:mlplc to avoitl disturbance or tlifb 
~d&g. Tllc: lowtlr or effluent, end of the tube is con- 

ri(?f+d Lo TV c:oritniric:r for the indicator solution , 
‘I‘hf~ st,:iiid~tl l,ul)e t>est, line of 1945 is clesigrid for 

very c:fficdc:nt, rend uniform q)er:ttiori. Many oonven- 
icmc:f?s 11:tvf~ 1~~:~~ df:vc~lopc:fl to :.litl in keeping the de- 
sired gas (:onc,(:lit,lat,ic,n firifl rliiiform flow rates. Tlic 
most, recbent, motlds :irf’ of :dI glass construction with 
few ruld)cr join& to bcc~oriic: contarniriRted or develop 
leaks. ICigllt s:truplcs (:>m he tested simultaneously. 
C’omplete de&ptioIls are given in C:WS Pamphlet 
Number 2. 
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TESTING OF GAS MASK CHARCOAL AND CANISTERS 

Gas for the test, lint is supplied either from LL c*ylin- 
der (under pnnsuro), by bubbling a dry air stroarn 
through a trlbc of the liquefied agent,, or from a gas- 
ometer. The: lattrr is the least, convoniont met,hod and 
is used today only for arsine. CG is usually supplietl 
from a cylinder, CK and AC are vaporized from a 
liquid or supplied from a pressure cylintlcr. PS is nl- 
ways vaporized from the liquid hecausc of t,he high 
boiling point,. 

1% TlZYT 
Since 1918, one of the specification Lasts for nct- 

vated charc:oal has been the chloropirrin life, which 
is assumed to represent, the adsorptive power of t>lic: 
charcoal for a non-reactive gas. This last ifi ruii 011 a 
IO cm layer of cliarroal in ,2 tube with ~lri inside tii- 
ameter of apF)roxirnatc:ly 1.4 cm at, a rslc of flow of 
1 1 per min per sq cm of cross sectional area (1,000 cm 
per min linear flow). The gas concent,mt&~ is 47 mg 

* per 1. Humidity c:onclit,ions are 0-O. Thr: break-point, 
indicator is :t starch-potassium iodide solution 
through which t,lie effluent, gas is passed after pyroly- 
sis in a hoatcd quartz t>ube. 

IX&c its long established usage, the J’S test, tlocs 
not3 Drovidc a good criterion for evaluating activated 
charcoal. The following objections may hc cited : 

1. ‘1%~ I’S lift does not, correlate: with the protec:- 
Lion thul, charcoal will afford for other non-persistent, 
gases aftflr irnprc:gnation. Following the discovery of 
the AK process for whetlerization (Chapter 4) it was 
found that some of the charcoals with highest, 1’S 
lives gavr: the poorest, SO-80 CK protection. It, is now 
known that the performance of irnpregnnt,etl charc~oal 
is to some degree correlated with t,he presenc*c: of 
large ports which provide c:hannclx for gas moleculrs 
t)o pcnctrate rapidly int,o the granule and tJliat this 
characteristic is not, related to the PS life. 

2. Thr PS t,eKt, is cxrricd out at high relativr gar, 
p1’CSHllrC, which corresponds Lo a point, near satura- 
t#ion on the adsorption isot,hc:rni (see Chapter 6). The 
amount of gas t,aken up is not< a me,asllre of the: sur- 
face available for adsorption hut, rather is a meafiure 
of the total volurnc of pores in the sizes that, are filled 
wit#h liquid at, saturation. Of more irnpnrtanre is a 
knowledge of t>hc amounts of gas which is held at low 
partial pressurns. 

3. The retentivity, or amount, of gas held very 
tightly by adsorpt,ion, is not related t<o the I’S life. 

It, is believed that the PS test shoi11d bc discontin- 
ued and some other test for the adc;orpt,ivr power of 
charcoal ghould bc substituted. hpparcntly it is de- 

sirable to work at, a low rclativc pressure of gas corre- 
nponding to a low point on t,he isotherm whert: mpil- 

lxry co~densstinn does not, occur. This cannot, be 
done convoniont,ly with PS because the lives obtained 
would be too long. It has been suggest,ed that a life 
t,est, wit111 ethyl chloricla might, be. used and studies 
are now being muclc of the correlation of ethyl chlo- 
ride lives with clcgrce of activation and rr:tcntivitg of 
r.:h:trnod. If such a test, is used, the gas should be non- 
re:&ve, of low boiling point,, arid easily detected by 
chemical methods. Ethyl chloride sHt,isfics these con- 
ditions riicacly. 

Frcqrlcnt reference is ma&: in Chemical Warfare 
Service [CWS] and National 11c:fcnse Research 
Commit,t,c:c [NDRC] report,s Lo “modified tubs 
t&S.” Thesr: a,re tube t,est,s rnadc with layer 
dcl)t,hs and (sometimes) flow rat,cr;: other than the 
st,aridard condit,ions, for the purl)osrb of correlating the 
scrvicc: times with those for a specific canistctr. Such 
a correlntion is purely empirical, becausa flow rntes 
are not the same as in radial-flow canist,c!rs, but for H 
given t,ype of charcoal it is possible t,o select H bed 
depth which will yield a tube life in fair agreement> 
with x11 Ml0 or MlOAl canister. The only use for 
such tests is in experirnontal impregnation programs 
when there is not, sufficient sample for rcgnlar can- 
istcr tests. 

‘5 (: AN I.S’l’E I Tb;S’I‘S 

‘I’YPPH 

As titatetl prr:viouslJr, canister t&s in use tc~tlay 
are of two t,yprs : steady flow at; 32 lpm and interrnit- 
t,ent, flow at 50 lpm with a peak rat,{: near 155 lpm. In 
addition, in research and invcstjigation of enemy can- 
isters intcrniittent, flow t&,s arc used at, various 
other rat,os, the more common of which are 25 and 

16 lpm. 
Thr! basis for 11sing Ihc:sc: low flow rat,e t,csts is t<hat, 

the usual 5%lpm test gives the protection afforded 
for men at heavy c\xcrrise. Tn the field, it is prohablc 
that most people cxposcd t,o a gats atjfJack may be oc- 
nllpying a fixed position and not, exercising heavily 
during the period of the attack. Such an inference can 

bo drawn from the reports of gas officore in World 
War I. ConaequentJy, it is desirable to know what, 
protection an encmy canister will afford under opti- 
mum defensive conditions. Often the protection at, 
low flow rates may br excellent,, hecarlst: of high (:a- 

A 
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pacity, when penetration occurs very quickly at, high 
flow rates. 

The general principles of canister testing are like 
those of tu he t>esting ; :L gas-air stream is passed 
through the canis180r until Lcsts of the effluent, stream 
show penetration of gas at, :t predet,ermirietl fw1ifx2i- 
trat>ion. 111 one irrq~ort,urit, respect>, canister tests usecl 
(luring World War II differ from t,nl)e t&s. ‘1‘li~ gas 
is pulled t,hro~~gh a c:anist,c:r by su&on applied at lh~ 
node, wliilo in tlll)c: tests gas is for& t~llrougli the: 
aLtlsort)ent, bed by prcssnro. ‘I’lic tlifforence is om: of 
experimental convcnioncc only. 

In stetidy-flow h:st or~tfits thc:rc: is suction ilow 
tllro~~gl~out, the: sys11q hut, that standard arrange- 
mf.?rll, ustxl in hrr:nt#her machine testing employ* a8 
c:omt~in:st,ion of prc>ssnrc> and suction. In this armnge- 
merit the: gas-air mixbc is prcparcd in a pressure 
syst,c:rn and blown to the canister chamber where it, 
c:nvc~lnps tlio canister at, atlmospheric pressure. This 
has two advanbtgcs : (1) rhangrs may be made in t,he 
flow rate t,hrorlgh t,11r canister without changing the 
gas-air flow ratr>, which would require rcacljustment 
of all controls; (2) man tests may bc made when de- 
sired by disconnecting the pump and attaching a gas 
musk faccpicce through which t,he subject breathes. 

I)c:tails 01 st,cacly and intermitt,ent, flow tests arc 
givc:n in current, editions of CWS Pamphlet, Nnm- 
bcr 2. The most, recent one describes the newest 
model int,ermitt,ent, flow machines, which accomrno- 
date: two canisters for simultaneous testing. l’hosc: 
diffrr from the single canister model only in having 
two canister rontzbiners :Ittached to a common gas 
maniLold. It, is necessary to doll hle the mtf: of gas 
supply. The tn*eatlic:r ~~rmq~ for two canisters has two 
cylinders with the pistons operated 180” out, of pllasP, 
so that, g:~s is drawn half of the: tirnc: from each ran- 
ister. 

I>E:SORPTION TESTS 
If a gas is removed by pl~ysic:al adsorption there is 

a defi&e vapor prcssrlrc: of thr? adsorhatc over the 
charnoal rend passage of air through an exposed can- 
istcr will lead to desorption of the gas. This tnay he 
serious in case of a gas of high volat&y which is not, 
destroyed by chemical reaction with water or with 
t,hc impregnan t in the ranislter. For exa,tnple, Type A 
whetlerite will tIesor)-, CT\’ readily. ICxposnre to a 
small dosage followed by passage of air will pause 
penetration in amountls sufficient, to cause discom- 
fort. The danger of desorption from U. S. canisters 
with ASC whetlerite is small for any of the known 

t,oxic: agents; all of tliosc wliic:li li~vo high volatility 
read, wit,11 1,11(! irnpregnant, and are destroyed (CC;, 
CIi, AC, and SA), while the: agnnts of low volatility 
are so firmly held by physical adsorption that, ex- 
posure to a large dosage is necessary hcfnrc: dcsorp- 
tion will occur in dangerous concentrations. 

Numerous tlesorption tests I3 have t)(:cn mado of 
CX and AC from German and Japanexc canisters. A 
known dosage of gas is pu t1 int,o t,he canister hy carry- 
ing on the test< for a predetlerminecl tirnc:. Then the 
gas is cut, off while passage of pure air is conbinucd at 
the usual test, rate. A portion of the cfilucnt nir is 
passed t81irougli an dworhing solution and at regular 
irit,c:rvals sumplcs are tit,rat>ed by a suitable reagent. 
In this way, data arc obtained for the concentration 
of gas pc9~c:trating :is a function of time. Data fol 
such tests are shown in (Xiapter 10. 

formance by man tests. Extcnsivc! ns(: was made of 
such tests in World War I, hut in World War II tll0.y 
were made rarely. In World War I, large gas c+liarn- 
hers were arranged so that canisters could bc 
mounted in the gas atmosphere lor testing while the 
subject remained outside the chamber and breathed 
through :L gas mask hosetube. The present, inter- 
mittent-flow canister tetit, machine is designed to 
permit, man t>est>s without, necessarily const8ructing 
special chambers. lG>r such a test t,he pump is discon- 
nected and the suhjec4 breathes through a facepiece 
at~tac~lietl at, tlic: c+Huc!rit, c~oririection to the canist,er. 

Man tests may he rnaclc with or withortt c:hornic:al 
indic&ors. If indicators arc r~sed, the subject, is pro- 
t#crtod by an auxiliary canister which ads&s gas 
pcnctrating from the test canister. Oftr\n it is dcsirod 
t,o check or confirm chemical indicator break points. 
Then thr protective canister is rcrnovcd and thr, gas 
is detected hy its odor or lacrirnatory effects. Surh 
tests should never be made wit,h SA, which is odor- 
less,” or with AC, which is insidious in its effects, lout, 
can he made with CC1 and CK, both of which are 
readily dct,ec:t,ed. M11cl1 ~lseful information has been 
gained from a lirnit,ed use of man tests. Any new 01 
nnexpected pcrformxnc~e from an experimental model 
canister should hc Ponfirrnnd by a man test; occasion- 

rl As ordinarily made there is B pronounced odor associxted 
with SA, but q&rently this rmterinl (probably n carbide) iH 
mnovcd by chmwal; and the gns which penetrates :t csnister 
has nn odnr. 
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ally, it is desirable to ~vchock standard machine tests 
by man testfi with the tiubjccts at, heavy exercise:. 

2.7 MINICA N TKS’I’S 

The name “rninicaii tests” has l~cn applietl t)o 
special tube tes;ts ctirrietl out under canister concli- 
tions; that is, with tlepth of layer and linear flow rate 
made the same as in the c::snistc:r. This type of test 
hl%S IlOt b~eI1 Widely USed, h:LLllS(: I’CSdts are dWayti 

qucslionable, but on occasion it, has provide4 useful 
information. TCxarnples are tests ol” memy c:mistew 
when only one was avuilahlc and tests of collectivt: 
protector canisters. 

For an axial flow canister, a minie:m Itent is merely 
a tube test with proper flow ratr: anrl depth of layer. 
The minicans simulating ra(lial flow canisters mus;t, 
however, provide for a variation in flow rat,e from 
inllucnt, I,0 ellluent sides, since the: flow rate in an an- 
nular layer ol adsorbent varies invcmcly as the ra- 
clius. A fair approximation for canist,crx such as the 
Ml0 has been obtainetl by 11s~: of a l’unnel-shaped 
layer with the areas at top ant1 bottom proportional 
respectively t,o the outer ant1 inner areas of the: 
canister. 

Sources of potential error in minican tests arc tllc: 
possibility of wall leakage: because the surface-volumr: 
ratio is so mu& great>c:r than in an actual canist,(:r, 
aricl the possibility of tcmpcrature effect,s vastly tlif- 
ferent from those in ttic! c:anisl,cr. 

2.8 E’IJXLD TL:STS OF CA N WI-b: KS 

In connection with field experiments on ttic: Lr:tvel 

of grts douds, numerous tests Law hwn ma&: 0C the 
iictrial protectSion affordeti by canistorfi imtlcr various 
conditions. 8uch tests c:ontJributlc: no information that, 
could not be obtained in the laborat,or.y by reproduc- 
ing the field concentration-time: conditions, but, they 
do provide vivid illustrations of t,lic: possibility for 
breaking canisters. 

Two types of ficltl canister tests have been cnrricwl 
out, with live goats and with breather pumps. ‘I%(: 
pumps are spc&lly &signed to operate at low powt:r 
consumption. A rubbc!r bellows is driven by :L 
small mot,or to give a flow of about, I ti Ipm with 
21 to 30 c. Effhlcnt gas from the canister is passad 
either through a recording meter or through an al)- 
sorbing solution which is later titratetl. The entire: 
nppar&s is housctl in a gas-tight, box to avoid leak- 
age effects wliilc operating in a high gas conccn- 
tration. 

2.9 LAYER DKt’TlI S’I’IJI~II:,S 

A very useful t,ubc test, kno\vn as a layer clcpth 
t,est, was usetl to somn c:xt,cnt, in 1918 but, much more 
ext,ensively tluring Work1 War 11. Mcnsuroments 
were made of tube test, lives at variotl tlepl,hs of layer 
and the resulting lives plott,ed as in Figure 2. From 
the slope of the: curvc~, t,h(: c::tpucit,y No is aomputecl. 
The intercept, of t,hc: linear or nearly linear portion 
with the cjept,h axis is known as the: (:&(:a1 depth Xc. 
There is no quantitstivo c:orrclat,ion of Nn and Xc 
with canister pcrformunce, but qualit:ttively the re- 
lat,ion is very good. In a thin bed canister Xc is the 
imporlanl factor, and in a thick bed Nn is most im- 
~Jolkult,. 

Lsyw cltrplli studies were most useful in research 
lor sludying impregnation methods, aging, ant1 
mrc:h:misms of gas removal. They are also useful in 
c:valuating and interpreting canist,er performance Lo- 
(::~us(! a knowlcdgc of Nn gives an eficiency ratio for 
~11~ canister. This cfflciency ratio is defined by the: 
c:qiral,ion 

EIliciency = -- 
mg of gas restrained 

N, (in mg per ml) X volUm0’ 

2.10 OTHER TESTS 

In :ultlition to the gas tests of adnorLcrit,lr already 
discussed, numerous other tests are used in the manu- 
facture ant1 tlcvclopment~ of adsorbents and gas mask 
canisters. Tl~sc are not tliscussecl in tlot,aiI because 
complctc directions are given in C WS specifications, 
1~11, they are listed. 

Until recently 011~ 01 the basic charcoal t&s has 
been the hc:at, 01 wetting, that, is, the hoat, ovolvecl 
per unit mass or unil volume of charcoal when im- 
mersed in bcn~cno. To some extent the heat, of wet- 
ting is a rncafiurc ol the clegree of activation, but it 
may also depend upon the pora volumt:. 

Pormcrly iL was believetl that, hoat, of wetting was 
mcasurcd by the tightness wit,11 which an adsorbatc: 
is liclil on charcoul,9 but, rcccntly there has beon 
clollbt as to the int)erpretation of lmtt of wetting data, 
:mtl this test has hccn tlroppecl from charcoal speci- 
f&lions. 

HARDNJSSS 
‘I’hc standard hartlncaa tcsl, is an empirical meas- 

IW(: 01 the amount, lost when a specified samplr: is 
shaken in a sieve with steel balls (CW8 Pamphlet 



DEFICIENCIES IN TEST METHODS 21 

Number 2, Part II, Section L). The purpose of the 
test is to prevent, the use of soft, charcoal which may 
break into dust after loading into the canister, but it 
does not accurately evaluate the desired quality in a 
charcoal and some other testing method might he 
better. No improved method is available, however, 
and until it is, the present test will be retained. 

SCREEN ANALYSIS 

Because the pressure drop and gas protection af- 
forded by a given volume of charcoal depend upon 
the size and size distribution of particles, all charcoal 
is procured under rigid screen analysis specifications. 
These arc based upon U. S. standard screen sizes. 
Charcoal for Ml, IO, lOAl, and 11 canisters is 12-30 
mesh. The usual distribut,ion is near 20 (J (12-l(i), 
50% (l&20), 30’s (20-30) by weight, but consider- 
able deviation is permitted among the three sizes. 

APPAHENT DIGNSITY 

The apparent density is the mass in grams per 
milliliter of churcoul as loaded by slow gravity fall 
into a glass cylinder. 

RMJGH HANDLING 

An essential property of a gas mask canister is its 
ability to withstand jolting and impacts in normal 
usage without becoming dcformcd, losing adsorbent, 
or developing a high rcsistancc. Empirical rough- 
handling tests of various types have been used for 
different types of canisters. All subject the test can- 
ister to very drastic trcatmcnt, after which the re- 
sistancc must not exceed a specified amount and the 
gas life must not be below a stated minimum. All 
these rough-handling tests, while admittedly em- 
pirical, are based upon treatment which the canister 
might receive in combat use. All employ the princi- 
ples of impact and of vibration. 

FILTER TESTS 

Filter tests are described in Chapter 24. 

2.11 DEFICIENCIES IN TEST 
METHODS 

hltlhough adequate for specification testing and 
t,hc usual demands of research programs, the char- 
coal testing methods now used have some deficicn- 
tics. The most important of these are: 

1. Tube tests, as previously indicated, show poor 
correlation with the lives of thin-bed canisters. This 

may be illustrated by data from a survcillancc pro- 
gram for an extruded coconut charcoal whetlerized 
by the ASC process (see Chapter 5 for a discussion of 
surveillance). 

TABLE 3. Comparison of tube and canixtcr livcx. 

Storngc cnndition 

Freshly prepared 
75 days, dry, 25 C 
75 days, wet, 25 C 
75 days, wet, 50 C 
75 days, dry, 50 C 

5 cm tube life MI0 caniater life .---.--,““_-.,.__ 
180-,200 46 
188-201 30 
S-122 o-2 

142-159 o-2 
177-204 20 

2. Minican tests cannot bc relied on for exact in- 
dications of canister lives. They do, however, agree 
much better than the standard tube tests. The chief 
weakness in the minican test is the danger of wall 
Inakagc, particularly for thin-bed canisters, because 
thr: wall-volume ratio is much greater for small vol- 
umcs than for the canister. 

3. Mesh distribution must, be very carefully con- 
trolled in all t&s, whether tube or canister. Chsngcs 
in mesh size distribution affect the critical depth Xc 
which is particularly important in t&s of thin depths 
of adsorbent. Further, there is often a difference in 
the dcgrcc of activation of large and small particles. 

4. The reproducibility of breather pump canister 
tests is not so good as desired. Greatest difficulty is 
cncountcrcd in the CK 80-80 test, which in many of 
the rcscarch studies is the most critical test. In gen- 
eral, canisters of poor to ordinary quality give quite 
reproducible lives, provided loading is carefully done 
with well mixed samples. Fortunately, most of in- 
spection testing is confined to samples giving MlOhl 
CK 80-80 lives of about 30 to 50 min. But with long 
lives ranging from 70 to 100 min, quite erratic test 
results are often obtained. The following reasons are 
suggested to account, for poor test precision. 

a. The break occurs very slowly and it is difficult 
to fix the point at which the penetrating con- 
centration of gas is suficicnt, to change the in- 
dicator solution within the specified time in- 
terval. 

b. &cause the break occurs slowly, the effect of 
leakage or channeling caused by variations in 
packing the adsorbent may affect the apparent 
life markedly. In a long-life sample a good 
fraction of the adsorbent lies in the saturated 
region. Any lcakagc of gas through this region 
causes more rapid penetration. 

c. A slight variation in the water content of the 
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charcoal may exert, c:onsiderdAe influenct: on cient. The ctffcct of this may hocome more 
the life of a slowly breaking snmplo. AB gas is pronouncecl a8 the lift incrwscs, purticuldy if 
taken up in the wt,uratecl zone, watw is driven the! break occurs slowly and it, is dificult, to fix 
off, xnd as the sample dries the critics1 depth the r:xscl, time at which the! lwcak occurs. 
progressively dwrcases. 5. The: 1’S test is not a good criterion of chart:oal 

d. The CR intlicstor has a tempc:raLur’e toe% qunlity, us discussed above. 



Chapter 3 

MANUFACTURE OF ACTIVATED CHARCOAL 

By Warren I,. McCabe 

3.1 INTROllUCTTON 

W HEN c:,4s WARBARE was introduced in 1915, it 
was immt:diat,cly necessary to find a suitable 

defense against this weapon. This means of defense 
was a canister containing activated carbon through 
which the soldier breathed. Activated carbon, now 
trcat,cd with catalysts to destroy non-adsorbable 
toxics, is at present the universal filling for milit,ary 
gas musk cunixl;ers. 

Although a number of carbonaceous raw materials 
wcr(! used in World War T to make gas mask char- 
coal, the most satisfactor,y product, was mxnufac- 
t,ured from coconut shells. For the physical adsorp- 
tion of high molecular weight toxics, coconut chars 
arc satisfactory but have two deficicncics: (1) the 
raw materials are obtainable only in tropical regions 
and must be transported over long distances; (2) the 
usual coconut char does not, possess the proper pore 
structure to function satisfactorily as a base for the 
metallic catalysts neccssury to destroy chemically, 
especially undnr conditions of high humidity, those 
toxics which art: not adsorbed physically. It, is known 
now that, t,hc trc:co~d deficiency can be corrected by 
proper proccesing, but it is still unclesirable to rely on 
a charcoal math: from an uncertain supply of a for- 
eign raw mulcrial if a satisfactory product can be 
made from domestic substances. During the last few 
years, therefore, considerable work has been done to 
tlcvclop from plentiful domestic raw materials a rela- 
tivcly inexpensive carbon which is both an active ad- 
sorbent and a suitnble catalyst base and which is 
hard and strong enough to withstand rough handling 
in the canister without, disintegrating. 

The effort haa yieltlctl satisfactory results. Carbons 
of excellent, quality and moderate cost arc being pro- 
duced in large quantity. They are impregnated with 
a whetlerizing solution and heat treated to produce a 
canister filling which provides balanced protection 
against, all toxic: agents appearing practicable as field 
agents. They function satisfactorily under wide vari- 

ations of humidity and temperature. The main raw 
materials are waste wood and bituminous coal, both 
of which are available in nearly unlimited quantities. 
Other raw materials, including some of synthetic 
rather than natural origins, yield reasonably satis- 
factory products, but, art: not used in commercial 
processes. 

Most, of the important practical dcvclopments 
have come from empirical trial and error cxpcriments 
contluctctl for the most part by charcoal manufactur- 
ing companies, rather than from scientific: research. 
The manufacture of high grade gas mask carbons is 
an art rather than a science. Ncvcrthclcss, a fairly 
comprehensive understanding of what, constitutes a 
good charcoal has been attained, and the important 
fact,ors in the manufacturing proaoss have been 
identified. 

Although the present, state of charcoal manufac- 
ture is satisfact,ory, ad t,he quality of the product is 
high enough to discourage the use of gas as a military 
weapon, the modern adsorbent has not, bcwn tested 
in an cnomy gas attack, and urkil the product has 
mc:t, the test, of actual combat, thcrc is a definite: 
chance: that il may be deficient. ltcliance must bc 
placed on tjho resources of scienct? to correct such a 
tlofiaicncy, if it appears. Primarily this chapter sum- 
marizes the present scientific and practical knowlodge 
that can be drawn upon t,o solve future prohlcms 
which might, arise in the? manufacture of charcoal for 
gas mask use. 

3.2 GENERAL METlIWX C)E’ MANU- 
FACTURE OF GAS MASK CARRON 

The manufacturn of gas mask charcoal is a tjypical 
industrial process. In common with all such opera- 
tions, a c:hurt:oal plant receives raw materials and 
converts them by physical and chemical operations 
to products which function differently from the raw 
materials. The: activated product from the modern 
manufacturing process possesses an int,crnal pore 

23 
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structure of an extent, and character that renders the 
charcoal a rc:markah:y active adsorbent for high 
molecular weight air-borne molncules. Tn it,s early 
use, the action of the: matoriul as a, physical adsorbent 
was it,s mportant, charaatcristic. Since World War I, 
activated charcoal has been used as the raw material 
for the process of whetlerizution, in which the carbon 
is impregnated with metallic catalysts which are in- 
timately incorporated wilh the granule and which 
are active in destroying those low molecular weight 
toxics that are not adsorbed physically. 

Whetlerization processes are dcsaribcd in Chap- 
ter 4. This chapter treats only of the munufucturc of 
charcoal suitable for whetlerization. 

Charcoal making processes are of two main typas, 
which are differentiutjc:d by the method of activation. 
The first method is activation by hot gases, usually 
containing steam, and the: second method is activu- 
tion by chemicals. 

The manufacture of gas-activated carbon usually 
includes the following steps: 

1. Crushing, grinding, ad hriquetting a car- 
bonaccous raw material. 

2. Crushing the briquettes and sizing the crushed 
mat&al. 

3. Devolatilization of the crushed mutcrial. 
4. Gas activation by hot gases, usually containing 

steam. 
5. Screening the activated material to meet size 

specifications. 
Not all processes include all t,he steps, nor do they 

operate t,lic steps in the same order. Certain proccsscs 
have additional steps. For example, in the manufac- 
ture of charcoal from compressed wood, a high tcm- 
perature calcination treatment is used between the 
carbonization and activation steps. 

The manufacture of charcoal by c:hc?mical activa- 
tion is a more spcoialized process that has but little 
in common with gas activation. lt is described later 
in this chapter. 

In the preparation of charcoal by gas activation, 
the preliminary crushing and grinding is usually 
necessary to establish the preliminary st,ructure for 
the system of macropores (see Chapter B), which are 
necessary in the final product t,o give, under high 
humidity conditions, a good Cl< life. The briqlict,ting 
step in the process is necessary t,o construct a struc- 
ture that will withstand sobscquent crushing and 
processing and remain strong and hard enough fol 
practical use in a canister. 

The briquett,cs are crushed to form a convenient 

size of grmulc for carbonization and activation. Tn 
at, least, one process, the! final size of t,he finished gran- 
ules is established by carefully sizing the crushctl, 
briquetted material bcfort: carbonization and acti- 
vation. 

Most raw materials contain quantitieti of wat,cr, 
hydrocarbons, oxygen compounds, ant1 other volatile 
matt,c:r that, must bpremovcd bcforc: an active carbon 
can be prepared. A dcvolalilizst,ion process is rc- 
quirnd, which consists of a low t,nmpcrat,urc carbon- 
ization. The devolatilization must I)(: c:onduc:tcd in 
such a manner tha2t the volatile matter will 1~ disen- 
gaged from the residue without puffing or caking the 
part,& and ruining its density and strcngt,h. 

Activation is the term applied to the step of devel- 
ing adsorptive rat{: and capacity in a carbonized and 
devolatilized mal,crial. During this step, additional 
devolatilization is accomplished, and the pore system 
is completed. 

Vinal screening t,o meet definite size specification ip 
necessary. If the average parlick: size is too large:, the 
rate of reaction between ahart:oal and toxic: will be 
reduced and the canister lift, cspccially in thin he&, 
will be too low. If the particle size: is too small, or the 
range of sizes too great, the rcsistancc to hrcathing 
will be cxcnssive. Ideally, regular geometric particles 
of a sin& uniform size are desired, 1mC practical 
manufacturing operations require that a reasonably 
wide spectrum of sizes be allowed, and because of 
crushing tlic? particles are irregular in shape. 

The details of act,& processes, and the result,s of 
investigation of carbonization and activation arc dis- 
cussed in detail in l&r s&ions of this chapter. Be- 
cause problems concerning the select,ion of raw ma- 
t,c?rials have been of serious moment during the his- 
tory of activated carbon, t,hc next section is devoted 
1~1 a discussion of the raw mttcrials usctl in the manu- 
facture of gas mask carbon. 

3.3 RAW MAT’E.K IALY 

In the past, there has been an opinion that suitable 
gas mask carbon could only be manufactured from 
specialized and highly organized plant structures. 
Much attention was given t#o the morphological char- 
acteristics of the shells, pits, and like materials that 
were usctl in the early gas mask charcoal processes. 
During the? last, few years, however, a wide variety of 
raw mat,c:rials has been used to prepare gas mask 
charcoals, ant1 there seem to be no definite require- 
ments on raw materials save that they must be car- 



RAW MATERIALS 25 

bonaccous and that theymust, not have been heated to 
such a high temperaturr: that they have become inert. 

The main problem in manufacturing a suitsblc gas 
mask carbon is t,o obtain one that not, only has satis- 
factory physical adsorption propertics as measured 
by the 1’S lift test, for example, but, also Lo obtain a 
product that, can be converted into an ASC whetler- 
ite that, has a satisfactory canist>er performance and 
stnbilit,y against CIZ under humid conditions. 

Tlir: raw materials now being used to manufacture 
charcoals are as follows. 

Hit,uminous coal of the Pittsburgh seam is the raw 
material for the largest sin&: production. Coals from 
the Emerald and Black Diamond mines arc used. 
Charcoal from thcsr: coals meets all present, spccifica- 
Cons inclucling those for tha aging of ASC whetlnrites 
untlor conditions of high humitlily and high tempcr- 
at,urc. The charcoal is of unusually high retent,ivity. 
Its apparent, density is also high and is in the range of 
0.48 t,o 0.52 g par ml More whetlerization. This char- 
coal is low in moislrlre pick-up and high in ash as 
compared with olher charcoals. Its only deficiency is 
weight, which makes it unattractive for use in the 
lightweight canister. The process was developed and 
and is being operated b.y the Pittsburgh Coke and 
Chemical C~ompany,Pittsburgh,l’cnnsylvania[P~C~]. 

The standard low density charcoal is prepared 
from briquetted waste sawdust from Douglas fir. 
The briquettes or Prest-o-logs arc carbonized under 
prcssurc and activatctl by steam. These charcoals 
have a lower densit,y than those from bituminous 
coal, are somewhat, loss satisfactory with rcspcct to 
reLentivit,y and aging, but meet, all prcscnt; specifi- 
cations, md are more sntisfsct,ory than the PM: 
char in lightweight canisters. The charcoal is pro- 
duced by the Crown-Zellerbach Cornpuny of Seattlc, 
Washington. 

Satisfactory charcoals are being made in smaller 
quantities from pecan shells, 21r English walnut, shells,“” 
black walnut shells,““~ I9 and peach pits.6J, lo The man- 
ufacturc! of charcoal from such materials is rather 
small because of t,he IimiLed srlpply of raw materials. 
Thcsc chars art! produced by the Rarncbcy-Cheney 
Engineering Compu;y, Columbus, Ohio. 

Hardwood sawdust, activated chemically by zinc 
chloride using rcccnlly developed techniqrles, yields 
charcoals that mc:c:t present specificat,ions. These ma- 
tcrinls have the: Imusually low apparent density of 
about 0.3 baforc whetlerization. They have low rc- 
tentivities and require expensive: equipment, and 
plants for their manufacture, and therefore they arc 

not in procurement. Standb.y plants wore available 
for operation, had the product been needed. 

The standard charcoals made in England are pre- 
parod from mixtures of British coals. The coals are 
blended in such a fashion that, the carbonization 
process can bc conducted without undue swelling 
and cokingI Because British practice does not in- 
clude whetlerization, it is not, known whether the 
British coal mixture would give a satisfactory whet- 
lerite. 

Coconut charcoals prcparcd in rclat;ivcly small 
quantities by laboratory mc:thotls yicldcd a charcoal 
that is satisfactory in initial ASC porformancc. These 
have not bocn commercialized and their character- 
istics in aging arc unknown. 

Small cxpcrimcnLa1 quantities of a relatively low 
density coal have bet(:n prcparcd by mixing Pitts- 
burgh scam coal with sawdust and processing the 
mixLure in the PCC process. The materials had mod- 
crate density and satisfactory canister lives, but, 
were deficient in hardness.“G 

Several other and unusual raw materials have been 
used to prepare charcoals of promising quality. In no 
case have the products been complctcly evaluated in 
canister lives and aging cllsract~nristics. They have 
been developed to a point, howcvcr, where it is quite 
probable that satisfactory rnstcrials could be pre- 
pared from them, but, they arc of interest only from a 
theoretical point, of view as showing the wide variety 
of raw matc~rialn t,hat can be used to make a saCis- 
factory atlsorbont. The Godfrey L. Cabot Company 
has prcparcd, from carbon black and a starch and tar 
binder, charcoals giving satisfactory ASC whetlerites 
as measured by tube tests. Charcoals made by car- 
bonizing Saran (a vinylitlcne hydrochloride polymer) 
have satisfactory chnractcristics as base charcoals. 
They whetlerize moti~:ratc~ly well afler steam activa- 
tion. Both of these products are of interest lnrgcly 
because they tlomonstratc that reasonably good ud- 
sorbents can bc made from materials of synthetic 
origin rat,hc:r than of plant structure. 

&nsidcrublc development work was done in the 
Kimberley-Clark Company, Ner!nah, Wisconsin, on 
a charcoal made by mixing 50 t,o 75’%, by weight of 
crude lignin precipitated from waste sulfite &or 
with 25 to 50%, of poplar wood flour. Char from this 
raw material was evaluated by tube tests and found 
Lo yield satisfactory MC whctlcrite. The lignin cxm- 

tributed substantially t,o t,hr: yield of carbon and did 
not function only as a binder. The aging chnracter- 
istics of the material arc not known. 
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A charcoal manufactured by t,he Colorado lpuel 
and lron Company 6* from western bituminous coal 
gave &i&c:tory act,ivat,c:tl c:art)on (good 1’S lift) bu1 
one that, could not, t)c wlic:t,lcrizc:tl to a satji&:tory 
product,. ‘Uic material was rnatlc by carbonizing and 
steam activating lump coal without, previous hriquct- 
ting. Its aging c:llaruc:t,c:rist,ic:s arc not, known. NC\YCI’ 
information on the factors controlling whctlerizabil- 
it,y suggest that this coal also might yield a satisfac- 
t;ory product if it were crushed and briqrlettecl before 
c:arbonization. 

The older product, obtained by the zinc chloride 
activation of hardwood was an excellent, adsorbent 
and could be treated to form a superior Type h 
whetlerite. The material was deficient, however, as a 
raw mat,erial for ASC mhetlerite, and plants manu- 
facturing the product, were shut down when AS{: 
whetleritc? was adopted. I)uring research and th- 
velopmc:nt, int,c:rmc:tli:~t,c: protluc:t,s, &isfnctory in 
init,ial AK: lives but tl&c:ic:nt in aging against 
CXi under humid rondilions, wcrc rnadc: by this 
process. 

Several other raw materials yield s:ttisfact,ory 
activated carbons which meet the specifications 
for unimpregnat,ed charcoal but, do not form 
satisfactory ASC whetlerit,es. Coyuito nuts,“” apri- 
cot pits,24, l7 Masonite, 4o high density carbonized 
hartiwootl,hn Cliffs-13ow Char, 3R NIU-MPG0 from 
Activated Carbon Incorporat,etl,36 and the pitch 
coke obtained from the low pressure carboniaa- 
tion of coal 4s all yielded metcrials which could 
be activated to a satisfactory PS life and hard- 
ness, but either have yielded unsatisfactory ASC 
whetlerites or have not, been evaluated as an ASC 
whetlerite. 

Several materials, which yielded activatecl carbons 
having 1% lives bc:t,wc:c:n 20 and 40 min, have not 
bccri cvaluatcd wit>h rcspcxt, t,o ASC lives because of 
their low quality a~ absorbcnl,s. ‘1‘11~ rnatcrials are: 
Morrell char, which is made of a rnis of w~ti char, 
coke and tar binder; 46 carbons from lignocellulosc:; 2y 
ordinary hardwood char; 27 low temperature c&c 
freeze from bituminous coal; 45 anthracite coal; a2 
chlorinated anthracite coal; 3 Seabury carbon (I)olco- 
J2emy) .49 

A number of other carbonaceous materials yielded 
on activation products that have PS lives below 20. 
Some of these materials are: gas coke; 31 various 
woods treated with hydrofluoric acid : 48 scrub oak; 48 
semi-anthracite; 45 and a mixture of wood charcoal 
and pitch.48 

The raw materials listed above arc typical of those 
that, have been tried in t,hc past and t,honc usctl at, 
prt?sent,. The following conclusions can lx drawn: 

I. T3ecause charcoals of the highest grstlc as meas- 
urcd b.y complete evaluat,ion of all important, propor- 
tics can be made from waste wood and bituminous 
coal, t,hc!rt? is no necessity to consider the use of 
esoteric: raw materials of special character, of limited 
availability, or of foreign origin. 

2. From IL fundamental point, of view, the fact 
that satisfactory adsorber& und reasonably satis- 
factory whetleritcs have been obtained from mate- 
rials such as wastc sulfite liquor, carbon black, and 
Saran, mukc it, unnecessary to manufacture char- 
coals from naturally occurring raw materials. Mor- 
phological structure is not necessary. Even the de- 
graded t,ype of vcgr:t,at)le structure Icft in bituminous 
coal is probably of lit,tlc importance in the use of coal 
as a raw material. Indcrxl, the first step in the proc- 
cssing of the coal is to grind it to 3Wmcsh size? and 
Llius largely destroy any &nature that it might have. 

3. Many of the materials t,hat were found to yield 
mediocre or poor charcoals wore evaluated before 
present knowledge of the fundamentals of charcoal 
processing was available. A number of the above 
materials could probably be rrscd b_v proper briquet- 
ting, carbonizing, and activating techniques if there 
were any reason for using them. 

4. A complete and final answer concorning the 
upplic:nt)ility of a given raw material for the rnanu- 
facture of gas mask carbon can only be given by pre- 
paring several large batches of the carbon and testing 
each batch thoroughly in caniB;tnrs against the known 
agents, by preparing ASC whet,lcrites and determin- 
ing the aging characteristics and rctentivities of the 
whetlerites, and by obtaining hurdncss and rough- 
handling dat,a on the finished whetlcrite. No single 
test is definitive in the evaluation of a gas mask 
charcoal. 

5. Unlo~s future emergencies show that some very 
unusual characteristic, not at present identified, is 
necessary for a satisfactory gas rnask carbon, there 
appear8 to be no reason to use: raw materials other 
than w&c: wood or bituminous coal. 

3.4 BKIEF T)ESCRIPTlON OF COMMEH- 
CLAL MA NIJFACTURING PROCESSES 

FOR C:AS ACTIVA.TED CARRONS 

Complete descript,ions of the proccssos being used 
to manufacture gas musk charcoal arc: given in a 
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Chemical Wrurl'me Service [CWS] report,.'" The fol- 
lowing descriptions arc for the purpose of making the 
prcscnt chapter complete. 

3.4.1 Process of Pittsburgh Coke and 
Chemical Cornpany~ 

This process was the major one uned in World 
War II and produced more gas-mask carbon than all 
others cor~~binetl. It is used in two large plants oper- 
ated by the P(X. The process is of int,t?rcst, first, be- 
cause the production of a gas-mask charcoal from a 
very large supply of common raw material has been 
reciuc:cd to it,s simplest terms through its utic, and, 
second, the product, obtnincd has unusual qualities 
not, possessed by other’ charcoals. The malerial ix 
especially noteworthy for the stabilit~y of ASC whet- 
leritc prepared from it. 

The raw material is Pittsburgh seam bituminous 
coal. The t,wo coals that, have been used in pract,icc 
art: Emerald seam coal and M:lc:k Diamond seam 
coal. Other analogous coals can bc used. These two 
coals arc: very much alike and contain 35 to 38(CJ 
volatile matter and li t,o 8(x, ash. The raw material is 
broken to a size between four and ten mesh U. S. 
standard screen, and is st,ored in an elevated bin 
holding some 70 tons of coal. From the bin, it is fed 
by gravity to impacl mill pulverizers in which the 
size is reduced until at leas31 CiS’l;;, of the material 
passes through a 300.mesh screen. l)uring early opor- 
ations, the coal was misd with a coal t,ar pitch to 
aid in briquetting. Prosent practice omit#s the pit,& 
and uses a small amount of steam intermixed with 

t,lic pulverized coal to moist,en it ant1 to heat, it suffi- 
ciently for briquetting. The ground coal iw chargd 
into large Kraft paper bags. Each lmg contains HCV- 
era1 pounds of coal. The bag is placed in the dies of 
the briquetting press where: it is I)ricluett,cd at a pres- 
sure of 10,000 to 15,000 psi. The cylindrical bri- 
yuettcs, after being discharged from the hydraulic 
press, are passed thr*ough a series of crushers in which 
the material is broken to the proper size mesh distri- 
but,ion. The size: of the final product is controlled 
during this scrconing operation. The fines, amount- 
ing to ahout, 25(y0 of ttrr: total material to the screens, 
arc returned to the impact mill to be rebr*iquet,t,cd. 
Tlrc oversize material of the: screens is rccycletl in 

fi The infornmtiorl in this section wntj ohtnined through 
varjous visits of NDKC snrl CW8 personnel to the PCC 
plants. 

closed circuil to t,hc! grinder. The int,crmecliatc ma- 
tcrial has a size range betwc?cn 10 and 22 mesh U. 8. 
standard. The size reduction obtained during the 
further processing steps reduces the matjcrial to a 
12- to 30-mesh size which passes standard CW8 speci- 
Gcatioris. 

The sized mat,crial is clcvated to a fectl bin and 
wciglrcd into the carbonizers or bakers. Each carbon- 
izcr or baker consists of two parallel tubes mounted 
togctlrer in a gus-firfxl furnace. The tuhcs are s-in. 
plate steel. They are each about, 60 ft long and 3 ft in 
diameter. The crushntl charge passes in series through 
two bakers and emcrgee from the second bak(!r at a 
tcmperat,ure of about 1000 E. The tjc:mperat,ures are 
not measured in the bakers themselves, hut, in the 
gas space external to the t,ul)es. l‘hcse tempcraturt!s 
increase from 600 F itt t,hc feed end to about 1050 b' 

at the tlischargo end. The time of baking is about 
4% hours. 

In both bakers, a small current, of steam is passed 
to sweep out volatile mat,ter. A certain amount, of 
fortuitous air loukage also occurs and this leakugc is 
probably important for the carhonizatJion step. 

The baked matSerial, which still contains sornc 12 y0 
volat,ile matter, is discharged into wheelbarrows and 
charged by hand into the act,ivators. 

The nct,ivators are operated in batch. There are 
approximately 30 b activat,nrs in each of the two 

plants. l&h activator is a cast, chrome-steel tube 
I li ft 6 in. long by 14% in. in diameter. The charge is 
heated externally hy coke-oven gas. The: activators 
are mountecl in pairs. The activators are charged 
from the front, by blowing the charge from hopper 
carts with compressed air, A lid with a J-in. cent,ral 
hole makes a loose rolling tit, with the wall end of t,he 
act,ivator and is h&l in place by a flange which fits 
over tht? lip of the activator cylinder. Steam, in an 
unknown amount, is nuperhoatecl hy passing it, 
t,hrough a chrome-steel pipe positionctl in the furnace 
and is admitted to the hack of the act,ivators. Both 
t,he gas formed by activation and the excess steam 
issue from the 4-in. opening in the lid in the front, of 
t,he activator. The c:ornbust,ible gases burn in the at- 
mosphere. The temperature in the furnace is 1760 I? 
ant1 the charcoal tc:mperat,ur*e is 1740 F. Tempera- 
turo cont,rol is manual. 

The charge to an ac:t,ivator is 225 lb; approxi- 
mat>ely I I3 lb of activated product is obtairicd after 
an activation time of 285 min. The activators arc 
emptied by removing the lid in t,lre front and raking 
the chargo out over the lip into wheelbarrows. 
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Neither steam nor combustion gnsos are cut off dur- 
ing the discharge or charge operations. 

One feature of the activation process is the size 
separation that occurs in the activat,ors. The large 
particles tend to rise to the top of the bed and are 
usually more thoroughly activated than those which 
remain submerged. 

The activated product cools in air and is given a 
final screening to insure proper size. The firles ac- 
cumulated during this scrooning are very small in 
amount,. 

The yields arc as follows: From 100 lb of coal 80 lb 
of primary char after baking and 37 lb of activated 
char are obtained. The block density of the briquettes 
is 1.2. The apparent density of the crushed bri- 
quetted material is about 0.60. The apparent, density 
of the baked material is about 0.58 ant1 the density 
of the iictivated product is about 0.50. 

Tlic process is practiced in two plants; one at 
Nevillc Island, Pittsburgh, Pennsylvania, and the 
other at Carnegie, Pennsylvania. The procosscs in 
the two plants differ in minor respects but both oper- 
ations are esscn&dlgr as described. 

3 .a .2 The Prest-o-log Process 3o 

This procexs successfully manufactures a satisfuc- 
t,ory grade of gas-mask charcoal from waste wood. 
It is essentially the same as a process that was being 
devclopcd at the end of World War I. Many practi- 
cal difficult,ies were overcome before satisfactory 
operation. Considerable effort, was necessary both in 
plant and pilot, plant before a satisfactory product 
was obtained. The process produces a carbon of rela- 
tively low apparent, density which makes it attractive 
for use in lightweight canisters. It is not, as satisfac- 
tory from the point, of view of initial gas life, ret,entiv- 
ity, nor stability as the product from the PCC 
process. 

The problem of attaining a high density briquette 
from waste sawdust has bcon solved in a novel fash- 
ion by the development of a mechanical means for 
compacting sawdust to a briquette. The product of 
the briquetting operation is known as Prest-o-logs. 
The Prest-o-logs used in the Seattle plant are made 
by the Weyerhaeuser Company, and the logs are de- 
livered to the pilot plant ready for processing. The 
Prest-o-logs are about 13 in. long, and are $4 in. in 
diameter. Each log is sawed into six 2-in. briquettes 
by means of gangsaws. The briqucttos are charged 

into two carbonizing furnaces which consist essen- 
tially of tubas 60 feet long mounted in furnaces. Each 
furnace contjains four vertical banks of seven tubes 
each. TToles art: provided for gas escape at a-in. intcr- 
vuls along tho entire length of each tube. The csscn- 
tiul feature of the carbonization process is the use of 
pressure constantly applied to the briquettes during 
carbonization. Extensive and detailed pilot plant 
work done on the process 2y, 3’ shows that the pres- 
sure is essential during the period of the oxothermic 
reaction in order to maintain proper density in the 
carbonized product. Rotween each briquette is placed 
a cast, iron spacer s in. thick. Pilot plant work 
demonstrated that these spacers are necessary to 
transfor heat to the center of the briquette and thus 
eliminat,c soft centers. 

The pressure is applied by a hydraulically oper- 
ated plunger. The total net pressure over the entire 
tube is 160 psi. Discharge of the carbonized bri- 
quettes at the end of the tube is accomplished by 
means of a hydraulically operated gate. An ingenious 
control system allows the operator at the end of the 
tube to charge fresh briquettes periodically at, the 
entrance and discharge carbonized briquettes at the 
exit. The iron spacers are separated from the dis- 
charged briquettes, returned by a conveyor, and 
reused. The gases formed by the carbonization issue 
through the x-in. holes drilled in the carbonizing 
tubes and burn in the space surrounding the tubes. 
The heat, requirement for the carbonization is more 
than met by the heat of combustion of the gases 
formed, mtl city gas is required only during the 
starting-up period. 

The primary charge is crushed in two steps. The 
first stage is accomplished in a Robinson sawtoothed 
crusher and given a discharge consisting of particles 
approximately yd to $6 in. in diameter. The second 
stage is a Robinson gyratory crusher. The product is 
screened over Rotcx screens to give three fractions. 
The first fraction is larger than A mesh and is re- 
turned to the feed of the second press; the second 
fraction is G-20 mesh and is used for further proccss- 
ing; the third fraction is fine material which is wasted. 
The percentage of fines is about, 22 “/o. Because there 
is no possible way of recycling fines, they are com- 
plctc:ly lost from further processing. 

After size separation the char is calcined. The cal- 
ciner is a rotary kiln like those used in cement manu- 
facture. It, is 77 ft long and 8 ft 9 in. inside diameter. 
It is lined with 12 in. of refractory and insulation. 
The calciner is divided into three sections. The first 
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section, or prcheatcr, is 39 ft, long and is scparatcd by 
a bridge wall from a second, or calcinlttion, s&ion 
which is 26 ft long. The third division is a cooling 
section 13 ft, long. The calciner rotatIcs at about 
$$ rpm. The temperature of the charcoal at the feed 
end is about 800 I!‘, and at, the brirlgc Wall about 
1.400 F. Air inlet pipes supply air to burn tho com- 
bustible gases formed by t,hc calcinat,ors in the kiln. 
In t,he calcining section, the charcoal t,cmperatjure is 
about 1700 F at, the entrance and 1900 to 2 100 F as 
the end where the material passes to the cooling 
s&ion. Electrical heating is used in the calcincr sec- 
tion. The current is applied in two circuits t,hrough 
commutet;or rings and the charcoal itself acts as an 
electric conductor. The heat required to bring the 
carbon to 2000 F is obtained in part from the electric 
energy supplied through the olcclrodes and in part 
from the heat of combustion of gases formed by the 
continued dcvolatilizution of the: charcod. 

The purpose of the calcination step is to develop 
strength and density in the particle and t,o complete 
the devolat,ilization. Pilot plant work showed that a 
satisf:tcDory product, can be propared by t,his process 
without the calcination step but that very careful 
carbonization is necessary if this step is omitted. Also, 
the maximum 1’S life cnnnot be obtained without 
calcination.30~ 92 The carbonization step is consider- 
ably easier to operate if followed by aulcination and 
to some extent tleficiencics in carbonization can be 
eliminated in culcination. 

The activator is a conlinuous rotary kiln. It is 
60 ft long, 8 ft 8 in. insitlc diameter, and has a 12-in. 
refractory and installation lining. It rot,ates at, 
x rpm. The activating section is 48 ft, long and the 
unlined cooling sentjion is 9 ft long. not11 measurc- 
mcnts arc taken on the inside. The heat required for 
the activation process is oblained first, by burning 
the combustible gases generated during activ&on, 
and second, by cloctrical heat supplied through clec- 
trades in the furnace walls. Steam is blown through 
r~~zzlos placed in the wall of the activator. The steam 
pipes are connected to manifolds outside the wall of 
the act,ivator and the manifolds brollght to the auto- 
matic valve which emits steam to the activator bed. 
The nleam in each set of inlet, tubes is on during onn- 
fourth of each revolution. The flow of steam is auto- 
matically shut off when the steam ports are not cov- 
ered by the charcoal bed. Air pipes connected to an 
air manifold pass through the activator wall into the 
center of the activator to provide air for the com- 
bustion and volatile matter. The product of the 

activator is given a final screening. Fines amounting 
to 14”/0 are wasled. 

The overall yield of the process is bctwcen A and 
8%. The lossoe are distributed approximately as 
follows: in the saws, 14x0/,; in the charring furnace, 
about 71%; grinding loss 227,; calcination loss 24%,; 
activation loss Xi %; and loss in the final grinding, 
IciC&. Loss in each step is basotl on the weight of 
material charged to that step, 

The material is in the calcineting tubes about 
130 min, in the calciner about, 36 hr, and in the acti- 
vator about 24 hr. Pilot plant work shows 29, a1 that 
thcsc: long times of carbonization, calcination, and 
activation are unnecessary. 

3.4.3 .Misccllaneous Processes for Manu- 
facturc of Gas-Activated Charcoal 

Several charcoal processes have been developed 
through the laboratory or pilot plant, stage bul; have 
not, been used commercially. There is but, litl;le likeli- 
hood t,hat any of these processes will ever be used to 
mskc gas mask carbon, but they will bc described 
briefly because of the information they provide on 
t,lic: general problem of charcoal manufacture. 

MANUFACTURED CHAKWAL VROM CAKHON BLACK '2:! 

This process was carried through the pilot, plant 
scale by the Godfrey L. Cabot Company, Hoston, 
Massachusett,s. 

Channel black, made by burning natural gas with 
a deficiency of air under steel channels, in the main 
raw matorial for the process. The size of the particlcs 
is 50 to 100 A. The carbon Hack is mixed with ap- 
proximat,cly an equal weight of Barrett coal tar pitch 
and wet with 20%, r:a+scin solution, which acts as a 
mixing agent. The mixture has a consistency about 
cquul to t,hat of axle grease. The mix is pelleted at a 
pressure of 50,000 to 100,000 psi. The poll&s arc 
$6 in. diamotcr by $6 in. long. 

The p&ts are broken to 8-10 mesh before carbon- 
ization. About 4.57, of the material is fines, which 
are reprocessed. 

The broken pellets arc carbonized by being passed 
through a gas fired furnace. The charge is heated to 
1400 F and cooled to room temperature. The charge 
is at or near 1400 F for about 45 min. The material 
shrinks during carbonization and has an apparent 
density of 0.80 after the process. 

The carbonized raw char is steam activated in a 
continuous horizontal tube, 7 ft long. The temper- 
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aturc of activation is IBOO l! maximum, and t,hc time 
is 8 hr. The feed rate is 2 lb per hr and the st,eam rat)e 
was 4 to I2 lb per hr. The overall yield of t,lic: process 
is approximately 35’x, of the weight of thr: pellets. 
The product, contains practically no ash. 

The product of this process was found to be con- 
vertible t,o ASC whetleritc that, gave reasonably well 
balanced protection against SA, CK, and AC.G The 
P8 life of the unwhetlerizcd char was in the range 
50 to CiO min. The evaluation was largely by tube 
tests and no aging data are availal~lo. The estimated 
cost of charcoal from this process, including an eight- 
een month write-off, was 30 cents per pound. 

The process did not, go into commercial use XX:- 
cause by t,lic time the pilot plant work was dorm, the 
PCC process, which gives a cheaper and betlcr 
product, was in operation. 

MANUFACTURE OF CHAHWAL FROM WANE SULFITE 

~,IQUOH AND WOOD I'7LOUR 

The I(irnbc:rley-Cla~l~ Cornpany of Neenah, Wis- 
consin, completed a pilot, plant investigation and 
preliminary plant, design for a process to make gas- 
mask carbon from a mixture of wootl flour a,nd liquor 
prcaipitated from waste sulfite. Again, a satisfactory 
product, was obtained (with a possible exception of 
aging characteristics) but the cost-quality relation- 
ship was inferior to that, shown by the PCC process, 
so the plant was not constructed. 

The oss&ial steps in t,he process l are: was;te sul- 
fite liquor, which has a pH of 2.5 to 3.0, is ncut~ralizotl 
with cur&c soda, and tlrc ~JH raised to 11.5 to 12.0. 
The alkaline rnaterial is cooked in a digester at 75 psi 
and 320 F for 2 hr. The cooked liquor is pumped into 
a wood precipitating tank and conccntjrnted sulfuric 
acid added until the pH is 3.5 to 4.0. Lignin is pre- 
cipit,atcd from the solution. On addit,ion of cold 
water the lignin hardens and can be broken into 
pieces approximately >fc x 96 in. The lumps arc 
washed twice: with water and dried to a moisture 
content of 5($,. 

The crude mix for carbon manufacture consists of 
lignin, oak or birch wood flour of GO-80 mesh size, 
ant1 recycled fines. The lignin and firms are ground 
to - 200 mesh. The rninimum proportion of lignin to 
produce a carbon of satisfactory dcnsit,y and hard- 
ness is 50 to tXr$ of the total of lignin and wood flour. 
Sodium carhonatr:, an activation catalyst, is added 
in amount equal to 0.5(y0 of the weight of the mixture 
to the material in the blender. 

The final mix is pelleted at sufhcient pressure to 

produce a density of 1.16 to I .22. The pellets are of 
F$-in. diameter, and arc made in a commercial IO-ton 
pelleting machine. A pelleting lubricant, such as 
Sterotcx, is used. 

A typical rnix has the following raw materials: 

Mntcrid 
T,ignin (200 mcsll) 
Ode or birch flour ( - 60 mesh) 
Rccyclcd fines ( - 200 mesh) 

Htcrotcx, I % of abovc 
N&O~, 0.5% of :tbove 

Per cent 
66 
22 
12 

-- 
loo 

The pellets are cartronizetl in batch, without prc- 
liminary crushing, in a rotary retort. The temper- 
ature is increased at a uniform rate t,o R maximum 
of 1030 F. Two exotherrnic: reactions, one at 510 F 
and one at, 800 F, are encountered during the heat- 
ing. The carbonizing time is 5 hr. The hot, carbonized 
material is discharged into air-tight containers and 
cooled. The primary carbon pellets are strong, hard, 
and retain their original cylindrical shape. They are 
considerably smaller than the uncarbonizctl pellet,s. 

The carbonizotl pellets are crushed and screened 
to 10 to I8 mesh. The tines, which are approxim~tcly 
25$, by weight of the pelletJs, arc recycled. The ap- 
par& density of the carbonized material is 0.5. 

Activnt,ion is conducted in a rotary hatch retort 
heated by producer gas. The material activates rap- 
idly with steam and uct,ivation requires only CiO min. 
A total of I lb of steam per pound of primary carbon 
is used. 

The yield of carbonized material from tlro pellets 
is 51;‘s1 and the yield from the activation step is 
43 to 45(x,. The overall yield is 21 to 22% based on 
starting material. 

Considerable performance data on the product 
from the process are available, including tube and 
Ml0 canister t,ests on ASC whetlerite math? from 
t,he charcoal.“” The PS service life of the base carbon 
was 50 to 55 rnin, and the apparent density was 0.4 I. 
ASC whetleritc: characteristics were excellent, in com- 
parison with other charcoals available at the date the 
tests were made. Aging data and MlOAl canitrtcr 
data are not available as the process was eliminated 
from consideration before the dct,crmination of such 
data was customary. 

The cost, of the process is escesxivc in comparison 
with that of the PCC process. For example, 25 lb of 
caustic soda and 25 lb of sulfuric acid are required 
for 17.5 lb of lignin, and the total cost, of the lignin 
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alone is 7 x oc:nt,s per lb on a basis of a two-year de- 
preciation period. The pelleting proccsn is expensive 
in comparison wit,h the briquetting of coal. Costs of 
carbonizing and activating arc comparable in the 
two processes, but c&s of raw rnatcrial alone in the 
Kimherley-Clark process arc 20 ccnls per lb of carbon 
and the total cost, including an 1%month write-off, 
was estimated to bc! ahout, 50 cents per lb. The actual 
price of PCC c:art)on is approxirnatcly 20 cent,s per It). 

SARAN 

The preparation of aclivatcd carbon from Saran 
has been achieved in the: lat)orat,ory. The cost of the 
raw material prcclutlcs its cvcr being used and no 
work has t)c:cn done: bcyontl the laboratory stage. The 
rosult,s obtainctl on the malcrial are of some intcrcst 
t,llc:orc:t,ic:ully, because they demonstrate that, acti- 
vated carbon can be made from a completely syn- 
thetic raw material which has no morphological 
structure. 

The Saran charcoals wcrc prcpurcd from a co- 
polyrncr ol 15% vinyl chloride and 85% vinylidene 
c:llloritlc.18 A cont,rolled carbonization, in which IICl 
is driven off and nearly pure c&on left behind, 
yields a product that has PS lives of 40 min or more, 
without steam activation. During carbonization 
from 20 to 40fj: of the HCY is removed between 125 
and 1.50 C, and the rcmaintlcr by heating to 400 C. 
Some carbon is also driven off. Saran charcoals ob- 
tsincd by c:arbonizulion only are not satisfactory 
bases for ASC whct,lcrite. Steam activation increases 
the PS lift! of the: c:hart:oal to a A5 rnin level, and the 
steam activaled material can be usoti to prepare 
reasonably satisfactory but, not outstanding ASC 
whetlerites.“7 

No practical use for Saran charcoals has appeared, 
and because of t,he limited supply of raw material 
and the high cost of tht! product their further tic- 
velopmen t, and cornrncrcial manrrfacture cannot be 
,justified. 

The older types of coconut char, which WCIC made 
by carbonizing the shells in lump form and steam 
activat,ing the carbonized char, do not form satis- 
factory ASC whctlerites. Pore distribution analyses 
(see Chapter B) show that, such materials are de% 
c:ic:nt in macro pores. Preliminary laboratory results 42 
have been obtained showing that coconut chars can 
be much improved by either of t,hc following proc- 
ewes. L 5 

The: first process consists in sizing pit-carbon?zcd 
coconut, shells, slow carbonization of the sized ma- 
terial to 1500 F’, and activation at 1700 F. The acti- 
vated product,, cvhcn whc:t,lcrizcd with an ASC solu- 
t,ion containing 4.25’s Cr& produced a whetlcritc 
comparing favorably with a U. 8. Grade T, ScatLle 
wood whctlcritc:. 

Tho st:c:ontl process consisted in pulverizing the 
shells, briquetting hot with 20cy0 by weight, of pitch 
binder, sizing, carbonizing one hour at, 1000 F, and 
activating at 1700 F. When whetlerizotl with the 
same solution, the product compared favorably with 
U. 8. Grade I coal char made in the PCC proocss. 

Coconut chars of the above type will probably not 
compete with the better products manufactured from 
domestic materials, and there is no reason for de- 
veloping the above process furthor. 

3.4.4 The Manufacture of Gas Mask 
Charcoal - Conclusion 

Considcralion of the various processes used to pre- 
pare gas-a&iv&d charcoals that, were or could bc 
used leads to the following conr:lusions. 

1. Just, as scarce unusual raw materials art? un- 
ncccssary, so arc t,ricky, complicated processes III+ 

osscntial for rnanufaaturing a high-grade modern 
&orbcntL Essentially the most successful processes 
consist in building a briquette of finely ground parti- 
cles and of a particle density of about 1.2, carboniz- 
ing the briquetted material under such conditions 
that the strength and density of the material are not 
destroyed, and steam-activating the, carbonized 
mntcrials. 

2. Although t,hc J)ovc m&hod is quite gcncrally 
applicable, the optimum conditions for each rftw 

material must, bo found by laborious trial-and-error 
cxporirncnts. Also, different raw materials, althongh 
yielding sutisfac tory products when treat,c:d in the 
optimum manner, yield products of varying char- 
acteristics and qun1it.y. 

3. The success of any process in producing uni- 
form charcoal of good quaMy depends upon careful 
selection and st,antlardization of the raw material and 
careful operation and control of all process steps. 

4. The manufacture of charcoal is inherently a 
high-t,cmy)crut,l~re process from the point, of view of 
metallic: construction materials. Steam activation re- 
quircs a lempcrature of 900 C to 1000 C, if a reason- 
able plant capacity is desired, and only the better 
lligll-cllromium alloys withstand sur:h t,emperatures. 
This problem is discussed in Section 3.5. 
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5. The mechanical characteristics of the char are 
important and must be determined by experiment. 
The strength of the final particle seems to be deter- 
mined in the original briquetting operation, but even 
a strong briquette can be weakened to disintegration 
during carbonization and activation. 

6. Expensive processing of raw material before 
briquetting is unnecessary, because ground bitumi- 
nous coal and waste wood1 sawdust provide excellent 
raw materials without such processing. 

3.5 E’UNL)AMENTALS OE’ MANUFACTURE 
OF CHARCOAL BY STEAM 
ACTIVATION PROCESSES 

From the foregoing review of present and potential 
processes for the manufacture of steam-activated 
charcoal, it is apparent that there are three key steps: 
(I) crushing and briquetting; (2) carbonization; and 
(3) activation. It is the purpose of this section to prc- 
sent the current knowledge of each of the steps gen- 
erally taken. The m&hod to be followed is to present, 
the scientific and fundamental background of thcsc 
operations and to correlate such knowledgo with 
practice. 

35.1 Crushing and Hriquettiag 

A method for evaluating fundamentally the effects 
of process variables in charcoal making is to follow 
changes in the pore structures during the various 
steps in the manufacturing process. The mot,hotis 
used to determine pore structures and the tlcfmitions 
of sub-micro, micro, and macro pores 21 arc discussed 
in Chapter 6. It is pointed out there that, a cl~srco:~l 
that will give balanced protection has a balanced 
pore st,ruct,ure, and t,he relative proport,ions of micro 
and various sizes of macro porce is important in 
establishing the characteristics of the final whetlerite 
prepared from the material. If a final char is deficient 
in macro pores of the proper sizes, it will not yield a 
satisfactory whetlerite, especially if the product1 is 
evaluated in terms of its wet CR lift in thin-bed 
canisters. If the charcoal is deficient, in micro pores 
it, will not, be satisfactory as a physical adsorbent. 
The sub-micro pores seem to have no vuluc. 

Ltvgo macro pores are built into the charcoal parti- 
cle bcforc oLlrl)(~riiz~~t,i~)rl and ac:tivution.““~“l Certain 
materials such as walnut, shells and peach pits possess 
a morphologiaul structure that insures an adequate 
system of rnscro pores. In general, however, to rely 
upon a natural structure for such pores is to limit 

seriously the raw materials that can be used for char- 
coal manufacture. The performance of charcoals de- 
scribed in Section 3.4, in which the morphological 
structure of the raw material either never existed or 
was destroyed before carbonization, shows that the 
oquivulcnt of the proper morphological struct,ure 
can be obt,ainecl artificially by grinding the raw ma- 
terial and briquetting the fine powder so obtained. 

Pore distribution studies of PCC c:o:d charcoal 
show that the crushing and briquctting operation 
creates large spaces between the primary p&&s 
and that these spaces fall in the large macro pore 
range. The macro pores formed by hriquotting are in 
the range of about 50 to 700 microns.2n It, is doubtful 
that they function in a mannor t,o yioltl a good ASC 
whetlerite, but they are available as feeder pores 
from which smallor macro pores can be developctl 
during carbonization ant1 activation. They also facili- 
t,at,c: t,hc csc:upc of volatile matter during cnrhoniza- 
tion and provide channels t,hroughou 1 the charcoal 
part,icle during activation. Too Iargo a volume of such 
large pores is disadv~~nt,agc:ous bccuust: Ihey represent 
a waste of charcoal volume if they are present in 
excess. 

It is well known that monolithic graphitic carbon 
cannot ho sat,isfactorily aclivated. It is also prohnble 
that if such material has been too thoroughly graphi- 
tized by excessive heat,ing, an active carbon cannot 
be made from it even after crushing and briquctting. 

An important problem in forming a briquette from 
a finely ground raw material is that of obtaining 
strength and rigidity in the briquette. To meet this 
requirement, various binders are usually used. The 
most important material used for this is ordinary 
petroleum pitch. Other mat{-trials arc starch and 
lignin. Most hinders do not, contribute an appre- 
aiabl(> part of the: firlrtl product. Lignin, however, US 

shown by the Kimbcrley-Clark process, does brcuk 
down and add activated carbon to the final product. 
Experience with the PCC process has shown that by 
heating the carbon with steam it is possiblo to bri- 
quette the material without, binder and the use of 
pitch for this purpose in tho PCC process has been 
discontinued. 

The obtaining of a suitable briquette and the 
choice of binder and t,hc: proportion of binder to char 
can only be worked out by empirical cxpcriment. 
No method of predicting the answer to such prob- 
lems has bcon found. Attempts to obtain a satisfac- 
tory carbon from uncrushed Emerald mint bitumi- 
IWUS coal failed.‘” 
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An increase in briquntting pressure over the range 
10,000 to 80,000 psi was accompanied by an increase 
in particle dcnsit,y from 1.02 to I. IB, and a decrease 
in macro port volume of 0.23 t,o 0.11 cc pc!r cc 
granule.““~ 21 

Incrcascd bdquetting prcssurcs arc in t,hc main 
ban&&l, but, on a diminishing rnt,urn basis. Prcs- 
fiurcs up to 20,000 psi tend to irnprovc: hartlncss and 
strenglh, and the gas lives are somewhat improved. 
Pressures in excess of 20,000 psi have but lit,tle effect. 

Experiments on the use of very small primary coal 
particles (1 to 2 microns mean diameter) yielded 
products having slight,ly better 80-80 CK canister 
lives than those made from the usual size of crushed 
coal particles (I to 159 microns). The charcoal from 
the micronized coal (I to 2 microns) yields a superior 
secondary whetlerite after a leaching of the primary 
whetlerite and a second whetlerixatiorl.43 

3.5.2 Carbonization 

The function of carbonization is primarily that, of 
removing 111c blllk of the v&t&: rnattcr prcscnt in 
most raw materials without tlcstroying the density 
and strength of the particle. During carbonization 
certain changes arc brought, about, in t>hn pore dis- 
tribu&n. All the volurnos of &-micro, micro, and 
macro pores increase. B” The increase in micro pore 
volume does not, however, bring about an increase 
in the adsorbing qualities of the char. 

The most dificult problem in carbonization is usu- 
ally the prcvcntion of coking, which results in a 
porous, puffed-out particle full of large voids. Many 
materials on carbonization pass through a soft or 
plastic stage and, if the volatile matter is evolved 
during such a st,agc, coking can rcudily result. 

Two techniques useful in preventing coking have 
been developed. In the carbonization of wood the 
application of pressure to the wood briquette, as 
practiced in the Seattle process and as studied on the 
pilot plsntJ basis by National llefcnse K.cscarnh 
Cornrnittoo [N I>li.C], allows the ret,cntion of the 
density of the briquette by applying direct pressure 
while it is in t,he plastic stage. It has been found by 
experiment that the pressure is unnecessary except, 
at a temperature of about 400 F. If pressure is main- 
tained during that stage, the resultant crude char 
can be further processed to obtain a satisfactory 
product. In the usual distillation of wood, coking 
occurs and the primar.y char obtained possesses too 
low a density to yield a satisfactory product. 

The second technique of carbonization is appli- 
cable to coal. It is difficult to carbonize crushed coal 
briquettes in the absence of oxygen.‘” When carbon- 
ization is attempted in a stream of nitrogen, for ex- 
xmplc, a long carefully c:onduot,cd carbonization is 
ncccssary to obtain material suitable for activation. 
If, howcvcr, air ia present, during the carbonization, 
the process can be conducted with considerable 
rapidity and a satisfactory carbonized char obtained 
in a total time less than one llour.41 

A small amount of air can rcducc the coking tend- 
ency of a coal significantly even if the oxygen ab- 
sorbed by the coal is negligible.Y The manufacturing 
process normally conducted allows a certain amount 
of air to be fortuitously drawn into the bakers. Also 
the partially carbonized char is exposed to the air 
during transfer from one baker to the next. 

A deliberate supply of controlled air reduces the 
coking tendency and allows an casicr and shorter 
carl~oniz~~tion.41 The critical time at, which air is re- 
quired is during the softening and coking period 
which occurs at, about, COO F. If air is prcscnt during 
this temperature interval an exothermic reaction 
occurs, which reduces the fuel consumption and 
which accelerates the carbonization process. 

Certain definite indications were obtained showing 
that the yield versus quality relationship of the final 
carbon can be improved b.y air carbonization.4’ An 
increase of approximately 15% in the CK lift of the 
product was found in some casts. Sinac this increase 
is near the limit, of precision of the cani&r test and 
can also bc obtained by variations in whetlerization, 
this result is not too clearcut. 

Carbonization in the presence of air at a rnuximum 
tomperature of about 1000 li‘ often yields a carbon- 
ized product that has considerable PS life, somct,imcs 
as much as twenty minutes. ” A carbonization carried 
to a higher temperature, 1800 E’, for cxarnplc, gives 
a product which shows no 1% lift. There is evidence 
that shrinkago occurring bctwcen the temperatures 
of 1000 and 1800 F may account for this clifference.2n 

Not all raw materials are equally difficult to car- 
bonize. Peach pits,40 walnut shells, and coconut 
shells 2 can be carbonized with rclutivc ease without 
coking. It, is doubtful that air has any beneficial 
cffoct -in such casts. Th(+ carbonization of sawdust- 
lignin mixtures was quite easy. Bituminous coal 
rt:prcscnt,s rnatcrial which is most difficult to carbon- 
izc, but the use of air, as described in the preceding 

h A good cl~coal has :t PS life of 4.5-W min. 
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paragraph, simplifias the problem of obtaining satis- 
factory matc:rials for activation by carbonizing 
briquetted coal. 

3.5.3 Activation 

The final definit,ive step in preparing a charcoal by 
non-chemical means is that of’ activation. The activn- 
tion process cannot, produce a satisfactory material 
if the earlier steps are not conducted properly. With 
the exception of materials such as Saran, however, 
carbonized chars have little or no activity, and gas 
activation is required to dcvclop their inhercnl; 
properties. 

As far as the process is concerned, activation is 
simple. It consists essont,ially in bringing carbonized 
char into intimate contact with hot activating gases. 
Although oxidizing gases such as carbon dioxide, 
chlorine, and sulfur, can be used for ac:t,ivat,ion, only 
one actjive agent, (superheated steam) is used in prac- 
Ccc:. The purpose of the activation proocss is to cre- 
ate: the final desired pore structurt: in the granule, 
and also to dcvclop the proper kind of surface in the 
ports. During activation the part& loses weight,, 
both from the inside and the outside, and both the 
size and density of the particle docrcasc significantly. 

3.5.4 Process Variables - Steam 
Activation 

The important requirements for a satisfactory 
commercial activator are : (I ) the energy rcquirc- 
ment must, bc provided ; (2) unifnrmitly of contj:tc:l, 
bntween gas and particles must bc obtained; and 
(3) Lhe proper t,ime of treatment, must be provided. 

The reaction of carbon and sstcam is highly entlo- 
thermic. Approximately 4000 Blu must, be supplied 
for each pound of each carbon gasified. Heat, require- 
ments in a small experimont,al unit can bo easily sup- 
plied by means of the hot walls of’ an cxtcrnally 
heated container. In a large unit, however, the sup- 
plying of heat to t,hc charge is a serious problem. Un- 
less regenerators are used, the supply of heat, by 
means of the hot gases themselves is not; practicable. 
The radiation from the hot gas to the particle is not 
rapid enough to supply the heat at, an appropriate 
rate unless the gases are at a tempcrat,ure well above 
the activation temperature to be used. For example, 
if the active tempcrat,ure to be used is 1700 to IX00 F, 
the hot gases, even when supplied in large quantity 
as in the Jigglcr process (see &&on XLl), must be 

at temperatures above 2500 F. In retort activation, 
in which the flow of gases is very much less than in 
Jiggler activation, it is not praaticablc t,o supply all 
of the heat requirement by means of t,hc gases them- 
selves. In general, heat must be transferred through 
the relort wall. Furthermore, in order that all purti- 
cles in the activating bed can be rcachcd by heat, the 
thickness of the bed is limitctl. Other methods of 
supplying heat to the charge are t,he use of electrical 
heat such as used in the Seattle process, and the sup- 
ply of heat by burning, in direct cont,act; with the 
charcoal particles, the gaacs forrnctl by activation 
supplemented by oxtcrnul fuel. 

Uniformity of activation is important. The uni- 
formity problem has two asp&s: (1) activating aon- 
ditions must bc t,he samt! throughout the activator; 
and (2) t,ho individual particles must be activated 
under uniform conditions. Activators are usually hori- 
zont>aI rotary furnaces in which the part~iales are 
brought, into cont,act> with the activating gas by con- 
tinually circulating in the activat,or. Such activators 
do not, give perfect uniformity; 37 larger particles 
tend LO activate more quickly than the smaller. Set- 
isfac:t,ory uniformity of activation can a.1~0 be ob- 
tained by using long continued low-t,emperature 
nat,ivution processes in which the partially activntnd 
material is continually withdrawn in the bottom of 
the activator and returned to the top.‘” The Jiggler 
method of activation provitlcs msxirnum uniforrnity 
of contact, between gas and char. 

In pract,icc, fortunately, a reasonable lack of uni- 
formity in the activated char can be t&rated, but 
at, the oxpcnsc of a somewhat lowered yield. The de- 
velopment of tjhc: activity of the char, both as an ad- 
sorbent, and as ::L c:atulysL base, occurs rapidly during 
the early stages, but the extent of development of the 
desirctl propcrlies becomes constant during the later 
stages and t,he characteristics of the find carbon are 
rc:lat,ively independent, of the: amount gasified over a 
range of 10 to 15 “/0 of final yicltl. Tlicrcfore, if certain 
particles activate somewhat more slowly than others, 
they tend to reach approximately the samt: peak if 
the process is continued long enough, but the yield 
is lower by 5 t,o 10% than that obtainable under 
uniform condit,ions.Y1 

Although steam is the activating agent used in 
most industrial processes, carbon dioxitlc can also be 
used, and is usually present in activators in which 
steam is used because some CO2 and milch CO is 
formed during t,he activating process. In some cases, 
for cxamplr: in the Prest-o-log process, the carbon 
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monoxide is allowed to burn in the activator to sup- 
ply a portion of the hoat, of activation. Also, if steam- 
enriched flue gases are uwfl, CO2 will hf: prcscnt,. The 
activation of cwhfm by CO2 alfmf: is ~lowcr than with 
steam unfler norrf:sponfling f:fmflitionn. In addition, 
thf: fyualit,y of tlic prothct, its rneasrrred by its ca- 
pacity for physical adsorption tends to be somewhat, 
less.Z8 The presence of lo%, or more of CO2 in the 
activating gas does no harm and can be tolerated 
without, difficulty. 

3.5.5 Temperature Control 

The temperature 01 the char in the activator should 
be measured and, for best, results, maintainctl untlf:r 
reasonably close cont8rol. The accurate mcasurf!mf>nt 
of char temperature is not, a simpln matter b~(:ausc 
of the effects of rotation arifl non-uniformitly of the 
char bed both in depth anti in length. Also the parti- 
cles absorb heat rapidly. There is tlouht, thatj the 
activating temperature in fmf: plant, can t)f? f:orrf:lat,ed 
with that, in a different, plant]. For best results, the 
temperaturo measuring tlcvif:c (usually a thcrmo- 
couple) should be immersed well into a dense bed of 
carbon. 

The effect on product quality of variation in acti- 
vation temperature over a range of 100 to 150 F’ is 
not great. The main effect of temperature is upon 
rate of gasification, and the control of temperature 
is osscntially a control of rate. The optimum temper- 
ature 01 activation depends upon the char, and usu- 
ally lies in the range of I500 to I800 I?. Thf! t,c:rnpc:r- 
ature of activation whoultl not bf: more t,han 75 F 
above or bf?lf>w thf: optimum. As a r111(:, if uniformity 
of contact bct,ween gas and char is obtained, the re- 
latifmship between yield and quality is relatively 
insensitive to temperature, total gas flow, gas com- 
position, and gas velocitJy.“7 Large variations in these 
factors do, however, influence cluality.55 

Close temperaturf-! control in itself is of no avail if 
the time of treatment, varies among thf? partif:lcs, or 
ii” some particles arf! in a fJiffcrf:nt, gas cnvironmcnt 
from others. To obtain controlled uniforrnity of acti- 
vation all partif:lcs must, l)c af:tivatf:tl at 1lie same 
temperaturf?, for thf: sarnf? tirnc, and in contact with 
gas of thf: sarnc v&city and analysis. 

Activating t,crnpcrutures are al just about the 
metallurgic:al lirni t,, and high-chromium alloys are 
the best material of construction for externally 
heated activators. lntcrnally heated activators can 
be constructed of rcfract,ory-lined steel shells. 

3.5.d Changes bring Activation 

The activation process motlifios thr: crude char in 
a number of ways. k’ormcrly, tlif: prof:f:ss of activa- 

tion was consitlerefl essf?ntially as :I sf:lf:f:tivf: oxida- 
tion of hydroc:arl)onlik(: materials which wcrc rc- 
tainf?fl by adsorption in the pores of the char after 
carbonization. In this simple explanation, activation 
was considered to be a cleaning or purging process by 
which cxiating pores were purged of high molecular 
weight materials t#hat were occupying the active cen- 
ters of the char, and therefore when these materials 
had been oxidized the existing activating centers 
were uncovered and made useful. 

There is an element of truth in this assumption, 
but, there is reason t>o believe that, it is not, the main 
part of the activating process. It! is true that, there is 
a wiflospread axisting porf: struf:turc in f&r after 
carbonization and before activation. Pores of the 
sub-micro, micro, and macro size range are present.2’ 
It is also reasonable to assume that the surface of 
thcsf: ports is f:ontaminatofl with fiobris rf:sulting 
from the f:racking of hydrocarbons and analogous 
proccsscs. I)uring tlic f!arly part of tlic af:tivating 
procf:ss, such d&is is rcmovcd and t,hc existing port 
st,ructure uncovered. C~llarcoal at this stage, how- 
ever, is not well activated, and has but little more 
adsorptive capacity than before activation. In fact, 
in some cases, chars obtained by long continut:tl car- 
bonization have fair PS lives which arc dcst,roycd 
during the initial stages of steam activation. The 
essential purpose of steam activation is now con- 
sidcrcfl t>o be a development of a proper pore system 
in thf: micro and macro range. The development of 
tlic rcfluircfl system is a continuation of the port! 
development originally sf:t, up in thf: briquotting 
step.“’ 

The final activated char, when studied 1)~ X-ray 
methods,17 stems to consist, of a number of small 
packets. The sizes of the packets are of the order of 
IO to 20 A.65* l8 The packets themselves are con- 
structed of layers of carbon laid down in a crystal 
structure essentially graphite, except that the dis- 
tance from corner to corner of the hexagon rings and 
thf? int,f+rplanar entls are larger than those of a true 
graphit,c. Thf? adsorptive characteristics of the pack- 
cts rnay rf:sult from t,he fact, that the departure of 
ttic crystal parameters from those of graphite distort 
thf: forcf: ficlfis in such a way that residual forces are 
avuilublf? for attracting foreign molecules. 

Whorl carbons are given a prolonged heating at a 
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temperaturt: of 1000 C or mom, the lattice dimen- 
sions tend to approach those of graphite and the 
carbon has little or no adsorptive power.l? 

The sequence of events during activation has been 
followed by determining, as a function of extent of 
activation, such propert,ics of tho char as apparent 
dcnsities,5v 8 heats of wetting,44, 5, R particle densities,” 
ultimate analysis,44* s tube 6 and canister lives 39, * 
of the whetlerites against, various toxic agents, w&r 
absorption,R and development of port struct,urc as 
shown by pore anslyscs 2a and surfacc arcas as shown 
by nitrogen adsorption.‘3 

If the char t,hat has been carbonized at a lower 
temperature than that of activation is placed in a 
hot activator, the first stage of the process is 
thermodevolutilization, which is accompanied by a 
shrinkage of the particle and an increase in particle 
density. Generally, the devolutilization is completed 
before appreciable activation is accomplisl~ed.44 

The percentages of hydrogen and oxygen in the 
carbonized material depend primarily on t>he tem- 
perature at which tho char is hcat,cd, and these per- 
centages are higher as this tcmpcruturc is lowered. 
Accordingly, when the char is pluccd in the hot acti- 
vator, the percentages of hydrogen- and oxygen-drop 
parallel rapidly with t,he devolatilixation and reach 
concentrations characteristic of t,hc activator tem- 
perature.44 The important observation was made in 
the activation of coal charcoal t,hat, once the devola- 
tilization is completed the only change in the ulti- 
mate analysis of the char during the activation 
proper is the incrcasc in ash content4’ The hydrogen 
content remains surprisingly constant,. This obscr- 
vation strongly indicates that, the osscr&l process 
of activation is not one of a sol&W oxidation of 
hydrocarbonlike materials, otherwise it, could bo ex- 
p&cd that the percentage of hydrogen would st,cad- 
ily decrease during the activation proper. 

Tube and canister lives of the char and the whet- 
lorites made from it, increase rapidly during the first 
stages of the activation, but lcvcl off later. The vari- 
ous lives do not reach their peaks at the same time. 
If the activation is carried well beyond the normal 
yield, most gas lives tend to fall off because of the 
loss of carbon and the enlargement of pores to such 
a size that they arc no longer useful. The final result 
is the production of ash. Sometimes, subsequent, t,o 
this, the particle disintegrates. There is, therefore, an 
optimum yield or extent of activation. If the material 
is underactivated, the yield is high hut the gas lives 
are well below their peaks. If the material is activated 

too far, gas lives are at a maximum, but the yield is 
lower than necessary. 

3.5.7 Internal versus External 
Weight Loss 

During activation, a very substantial weight loss 
occurs. For most charcoals a loss of approximately 
40 to 600/, of the original weight, is necessary before 
the material is completely activated. The loss in 
weight, occurs in two ways. First,, the outside of the 
particle can be burned completely and a smaller 
granule obtained. Such cxternul weight loss is en- 
tirely tlolctcrious and raprcscnts nothing but a loss 
in yield. Second, the interior of the particle loses 
mass and it is this loss that accompanies the activa- 
tion process itsclf.55 The internal loss is useful and 
the rat,io of the intcrnul loss to the total loss is one 
measure of the efficiency of an activation process. In 
general, the ratio of internal loss to total loss varies 
from about 0.2 to approximately 0.5. 

There is no apparent difference between extent of 
activation of the interior of a granule and that, at the 
surface, provided the granules are in the usual gas 
mask absorbent size.44 English work showed that, in 
the activtltion of very large particles several inches 
in diameter, the outside surface is mom quickly acti- 
vated than the inside, assuming, however, that all 
particles are subject to prcciscly the same environ- 
ment. If conditions in the: activator are such that 
particles of one size are hotter or are more thoroughly 
in contact with steam, these particles will bc ucti- 
vated before the remaining particles. In penetrating 
to the center of the particles, the gas utilizes the 
macro pores existing in the primary char. After pcno- 
tration, the activating gas cnlargcs existing pores, 
removes by gasification any inactive pore lining ma- 
terial, uncovers nct,ivc centers, and develops small 
ports that, may or may not be present in the original 
char. There is considerable evidence to support the 
h~ypothcsis that many of the small, final pores exist 
in t>he carbonized char as small voids hidden among 
the crystallites, and that many of theso pores are 
rendered accessible by the attack of t,he activating 
gas during the process.66 The fact, that the block 
density, as measured by hclium, of the char increases 
during activation supports such an hypothesis. The 
development of such hidtlcn voids probably occurs 
during carbonization, although in nat,urally occurring 
materials it is possible that such voids are in the 
original raw material. 
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3.5.8 Rate of Activation 

The rate of activat,ion is most easily determined 
by measuring the: weight rate of loss during activa- 
tion. Many such data are available. It, has been 
shown, first, that the rate has a high tcmpcrature 
coefficient urd shows an Arrhenius constant of 
47,500 cxl per mole .55 This implies a rapid increase 
in rate with increase in t,cmpcrature and demon- 
strates that the rate of the activation is not con- 
trolled by diffusion of activating gas either to thn 
outside surface of the granule or through the pores. 
The rate of activation under constant conditions of 
temperature, steam supply, and steam velocity is 
constant with time. This indicates that the effective 
area taking part in the oxidation is constant, and 
implies that the basic port: structure of the particlc 
has been largely established before pore activation 
occurs. 

The rate is influenced by the composition of the 
gas in contact wit,11 the particle. Actual activation 
proccsscs in practice may require C, hours or many 
days, depending upon the temperature, the rate of 
supply of activating gas, and steam content. In the 
.Jiggler process, in which large quantities of activat- 
ing gas are in intimate contact with the char, activa- 
tions can he conducted in a few minutes. 

The gases formed by the activation contain CO, 
C&, and untlccomposed steam. The fraction of the 
steam decomposed varies from IO to 50 (yO depending 
upon the temperature and the rate of steam supply. 
The ratio of CO to CO, is approximately that ex- 
pectcd from t,he water-gas equilibrium, provided t,he 
reaction is not catalyzed by the ash.hh In t,he activa- 
tion of coal char by t,he PCC process, the percentage 
of CO was considerably higher than that, called for 
by the water-gas reaction, probably because of the 
influence of the high ash content of this charcoal.52 

EFPWT OF RATE OF ACTIVATION ON QUALITY 
Certain chars, such as bituminous coal chars, can 

be activated very rapidly, and still yield very satis- 
factory products. Other chars, such as the Prest-o-log 
char, must, be activated more slowly if optimum re- 
sults are to be obtained. The effective rate of activa- 
tion in a given case can only be found experimentally. 

3.6 ACTIVATJON METHODS 

In present commercial plants, charcoal is act,ivated 
either in horizontal, rotary retorts or in large, vertical 
shelf furnaces. The retorts may be supplied either in 

batch or continuously. The PC<: process utilizes 
bat,& r&&s as described above. The Carlislo process 
utilizes continuous retorts as does a process opcratcd 
hy thr: Atlas Company of Los Angeles, California.19 
The Barnehey-Chenoy Company utilizes large shelf 
activators through which the charcoal is repeatedly 
passed for many days until the required activity is 
developed. 

3.6.1 The Jiggler Process 

Considerable pilot, plant and laboratory work was 
done on a method of activation that utilizes an up- 
ward stream of gas sufficient to agitatr! or suspend 
the particles being activated. 47, 51, 64, .?a ‘rl& metllod 
has been known as tither the Jingler method or the 
boiling bed method depending upon whcthcr the parti- 
cles wcrc suspended or merely agitated. The process 
was not used industrially because satisfactory results 
wcrc being obtained in existing industrial activators 
and ample activation capacity was available when 
the pilot plant work on the Jiggler was completed. 

The diggler method gives an estrcmely rapid a&- 
vution and can be used in preparing very large quan- 
titics of char in a small unit, provided the char is of 
a type that can take a high ratr: without dest,roying 
quality. The process yields the most uniforrn uctiva- 
tiou obtainable by any activation process and repre- 
scnts a standard of comparison on this factor. Tenta- 
t,ive commercial designs of this equipment are avail- 
able in case its use is ever cl&red. 

?‘hc boiling bed variant of this t,ype of activator 
utilizes a lower flow rate of stoum and causes an agi- 
tated bed type of process. The action of the carbon 
partibles in the boiling bed method as compared with 
that in the .Jiggler is analogous to the relationship of 
a liquid to a gas. 

The heat requirement for the .Jiggler process can 
bc supplied from the activator walls by utilizing the 
walls as heat, xt,orage between activations. The hcut 
supply required by the boiling bed furnace is obtain- 
able by using a rcverberat,ory roof to radiate ht:at 
directly to the rather shallow high density bed of 
particles characteristic of this m&hod. 

3.6.2 Air Treatment of Activated Charcoal 

Air is an unsatisfactory agent for the primary acti- 
vation of charcoal. The reaction between carbon and 
air is the usual cxothermic combustion reaction, arid 
the cffcct is to burn the outside of the particle to ash 
rather than to dcvclop the internal pore structure. 
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Air or air-steam mixturrs can bc used, howc:vc:r, to 
improve charcoal already activated.4 Air-steam 
t,reatment, at, temperatures of 750 to I.O(jO F, followed 
by steam devolatilization at 1800 F brought al,out 
a SOu/, increase in the CK (80-80) MlOAl canister 
life of the whetlerite. The loss in volume caused by 
the process was 17(& The method has not, been (?val- 
uthcd for industrial use. 

3.6.3 Chemical Activation of Charcoal 

The second main m&lot1 of’ preparing activated 
carbon is by utilizing chemicals as activat&g agents. 
Ordinarily, the raw material for t,he chemic:J a&iva- 
tion is cellulose, ligno-cc!llulosn, or for practical man- 
ufacture, waste wood. l’h(? essentials of t,he chemical 
method are as follows: 

The waste wood, usually finely ground, is brought 
int,o intimate cont,act with the activating c:hc:mic~ll 
at a moderate temperature. During the! mixing pron- 
ess, the raw mat,erial darkens and bc:c:omt:s somi- 
plastic:. Tlic: roact,ctl mix is then heat-treated to fix 
the carbon and to bring about, the activation proper. 
Next, the activating chemical is leached out of the 
carbon. Crushing and sizing can be done at any stage 
in which the mut8eriul has the appropriate hardness. 
Further heat treatment after leaching of the chemi- 
cal may or may not be praaticcd. 

Of the many chetnicale that have been used in the 
past ax activating agents, phosphoric acid and zinc 
chloride are the two to bc preferred. All commercial 
carbon made by the chemical activation method 
utilizes zinc chloride. The rcmninder of this discus- 
sion is concerned with the? zinc chloride process. 

Zinc chloride activated carbons were introclucecl 
by t,he Germans during World War I, and continued 
devclopmt:nt~ of the process was conducted in t,he 
United StxtJc?s in the period between wars. AL the: 
time of the national emergency of 1940, zinc chloride 
activut,c:tl cnrbons were considered the highcst~ grndt: 
,activated carbons obtainable for gas mask purposes. 
This supposed high quality was a result of the tests 
used at that time in evaluating gas mask charcoal. 
The 1910 tcst,s c!mphnsized physical adsorption and 
t>he tube lives of Type A whetlerite under dry con- 
ditions against AC, CC:, and SA. IIeat of wetting was 
also considepotl of considerable importance. Against 
such tests the zinc chloride carbons obtained at that 
time were superior to any other charcoal available. 
Coal char had not appeared, as yet, upon the scene. 

When emphasis was placed on the canister testing 

of ASC whetlerite against CK, cspocially under wet, 
conditions, it, was found t>hat, the old style zinc chlo- 
ritlc carbons wcrc dcfini tc1.y defective. These carbons 
did not, take well to ASC whetlerization and AX 
whathtrit,os matlo from them did not possess satis- 
factory initial gas lives. Furthermore, when the initial 
canister lives were corrected by improvements in the 
processing, it, was then found that these carbons were 
highly unstable as ASC whetlerites and deteriorated 
rapidly in storage as absorbents for CI\; under high 
humidity conditions. IntJensive work was done to 
modify the processing of zinc chloride char to meet, 
t,liese tleficioncics. Tn the main, results wcrc satisfac- 
t,ory and the objective of the work was reachctl. How- 
c:ver, because of t>he large production and low cost, of 
the coal chws, zinc chloride carbons have: not bnon 
put] int,o proc:urt!mt!nt during the last few years. 
Their main intcrcst under prc!sc?nt, conditions is be- 
cause of the fact that the newer products have an 
unusually low dnnsity of 0.30. Idarge plants con- 
struct,(?d when zinc: chloritlo chars were the standard 
of performance are in stand-by condition, and if 
necessary large quantitlies of this char can be made. 

MANUFACTTJRE OF ZINC CHLORITHZ CHARS BY THE 
NATIONAL CARBON COMPANY ~'ROCIWS 16 

The present method of manufacturing zinc chlo- 
ride chars of suitable quality is as follows. Virginia 
hardwood, milled t,hrough 12 mesh, is used as the 
raw material. The activating solution con&s of f<rj($j 
zinc chloride in water, wit,11 0.25(1: excess hydro- 
chloric acid to prevent hydrolysis of the zinc. The 
mix is made from 110 parts of zinc chloride solution, 
100 parts of sawdust, and 86 parts of recycled fines. 
The mix is proccssctl by hatches in an agitated, 
steam-heated mixer. ‘1‘1~~ maximum steam pressure 
in the mixer jacket is 900 psi gauge. It is important 
that the reactJion be conduatctl over a definite time- 
temperature schedule. The maximum tcmpcrature 
of the mix s1~0111t1 not rise above 131 C. The t,cmpcr- 
ature at the end of the mix period should be 129 C. 
The mixing time is 60 min to t,he maximum temper- 
ature and 67 min tot,al to discharge. The mixers are 
dough-mixers that can be tilted and discharged by 
dumping. The mix, after reaction, is dumped tli- 
rectly to the feed of an extrusion mucliinc and im- 
mediately extruded t,hrough a 7-in. auger. The cx- 
truded plug is nlioocl longitudinally int,o l-in. thick 
slabs. 

The extruded slabs are dried in open trays at, a 
temperature of 200 C + 25 C. The time is 8 hr. Dur- 
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ing this operation, t,he charge loses 26% of it,s weight, 
and becomes hard enough for crushing. 

The d&l plugs arc crushed in closed circuit, and 
screened to obtain a product, through a 9-rncsh screen 
and on 20-mesh screens. 1’11~: oversized particles from 
t,he screens are returned to the? crushers and the un- 
dersized particles arc returned as fines to sul)xc:quent 
mixes. l‘hc~ granulns are of proper size to give the 
desired size distributJion in tho final product at the 
end of the: process. 

A more ewcntial st,ep, namely primary calcination, 
ix conducted next. The char is heatntl in the abaencr: 
of air in a rot,ary calcincr at a ternporature of 700 CJ 
for 15 min. At, t,his stage of the process, the charcoal 
is complctc:ly activatotl. Tt, still contains, how~vcr, 
most, of the zinc: chloride added in t,hc mixer. To re- 
move the zinc chloride, the: char is thoroughly washed 
by dilute hydroc:hloric acid and watnr. About 80 to 
SSCjJ, of the zina chloride is recovered in the washing 
and ust!d again in the mixers. 

The: final step is a secondary calcination at, a tem- 
peraturc of 1050 C in a rotary calciner. The time of 
passage in 60 min. 

The reaction of the mixcr appears to be the r:ri&:al 
step in the process and a number of the deficiencies 
of t,he earlier chars were eventually traced to inatle- 
quato cont,rol during t,lie mixing operation. It is irn- 
porlarlt, t,hat the reaction IN carried t,o a point whorc~ 
the tcrnperature in t,he mixer drops from its peak. 
This drop in tempclrature is probably associated with 
a drop in the boiling point elevation of the: zinc chlo- 
ride in tho mix.SS Tl&~ mix obtained by proper control 
of the mix reaction is called a “reactive mix.” Such 
ohars havt: lower kindling temperatures and consid- 
erably higher canister lives than chars obtnincd from 
so-called non-reactive: mixes, which result, from im- 
proper mixing technique. The maximum ternporat,ure 
of 130 5 2 C also appears t,o be very critical. 

The drying operation is necessary to solidify Lhc 
extruded mass and to develop enor& hardness to 
allow crushing and sizing. The tempcret,ure of this 
step does not appear to be cri t,ical. 

The primary calcination at TOO C is conduc:t,ed at 
t,his temperature rather t,han at lower temperatures. 
The recalcination at 1050 C allows increased initial 
CK lives and also irnproves the stability of the char 

calcination is less than 1050 C, the resulting char 
will be unslable. 

MECIIANIHIM OF CHEMICAL ACTIVRFION w is 
ConsideralJe work was done in tllo study of the 

chemical mechanism of activation of c:arbon by zinc 
chloride. The opinion of investigators in this &Id is 
that at, the end of the mixing operation the reat:t,ion 
between the zinc chloride and wood produced a sus- 
pension of chemically modified but relat,ively c&o- 
hydrate-free lignin particles in a peptized colloitlal 
solution of carbohydralcs derivcrl from c:c~llulos~.~~ 
The zinc chloride attacks the cellulose portion of the? 
ligno-cellulose preferentially to Lho lignin. During 
later processing, especially in the 700 C calcination, 
Llic peptized carbohydrates and lignin bot,h tlcgener- 
ate to carl~n. The zinc chloride decomposes to zinc-: 
oxitlc and HCl. The products from the decomposition 
of the peptized cellulose arc highly aromatic and un- 
der t,he heat t,reatmcnt, t,he lignin residues, togother 
with t,he carbon precipitated from the decompost?tl 
cellulose!, form the final carbon particle and yield a 
structure thaL exhibits a desirul)le macro ancl micro 
pore structlrrct. The character of the srlrface depcntls 
on the final calaining Lcmperat8uro. 

The zinc chloride pr’occ~ is the most effet:t,ivo proc- 
ws with respect t>o the llt,ilizat,ion of the carbon con- 
tent of the raw material. The t,otal yield of char from 
tjliis process is approxiniutc!ly 350/. This reprcsunts 
approximately 60 t>o 70 ‘xi of the carbon in the original 
char. This carbon recovery is higher than that ol)- 
Lain4 in tlic Carlisle? process (approximately 10 t,o 
15(s)) ; (1) hccause of the recycling of fines which in 
not, praclicable in the? Carlisle process, and (2) be- 
cause of the absence of carbonization arid gas activa- 
tion st,cps. It is larger than the corresponding recov- 
ery obtainaM: in the PCC process (approximately 
45’ji1) hecausc in the latter process carbonizat,ion and 
gas ac:t,ivation tlestSruy much of tlic? origmal carbon 
content of the coal. 

Countcrhalancing t,he excellent yield of the zinc 
chloride process is t,he fact that the proc:c:ss is com- 
plex and requires acid resisting equipment, because 
of the acidit,.y of the: solutions used, and high temper- 
ature calcincrs to obtain satisfactory stability. The 
process is, Ihc!refore, inherently cxponsive. 

The activai,ion obtained in the zinc chloride proc- 
css is internal rat,her than external, whereas gas at:t,i- 

when rnutL! into an ASU whetleritc!. Tf the secondary v:tt>ion is the reverse. 



Chapter 4 

IMPREGNATION OF CHARCOAL 

By R. .I. C”‘den,stetter ,znd F. E. Blwct 

4.1 GKNERAL CONSlDEHhTIONS 

.4.1.1 Introduczion 

T HE IMPREGNATION of gas mask c:harcoals to in- 
(.x-case their capacity to ahsorh hJxiC gwes has 

been prrtct,icd since the inwption of gas warfare in 
World Was I. The charcoal used in early Chnan gas 
masks was found t,o be impregnated with oiLher alkali 
or hexamcthylenc tetramine.96 This use of charcoal 
impregnants by the &mans stirnulatod Allictl in- 
vestigation of the subject. 

It was discovered early that ammonia greatly in- 
creased the Sh absorptive powers of at:Livatc:d char- 
coul. 7‘2ic name Lammite was given to ammonia im- 
pregnated charcoal. It, was prepared aiLher by soaking 
charcoal in aqueous ammonium hydroxide or by 
passing gaseous ammonia through the charcoal, fol- 
lowed by heating t,o 100 C: under a 2%in. vacuum 
for 4 to 5 hr. 

Perhaps the most important, development in the 
field of charcoal imprsgnation made during World 
War I was the use of copper as an impregnant. As 
comparcd with an unimpregnated charcoal, copper- 
impregnated materials, when t,c:sted dry, had at least 
double the prot,ection against, CG and similar gases; 
triplo the protection against AC ; and more than ten 
times the protection against SA. The copper-imprcg- 
nsted charcoal produced at the dose of World War I 
wax called whetkrite, after J. CJ. Whetzol and l3. W. 
Fuller who wert: instrumental in its development. 
The impregnated gas mask charcoal in production 
in 1940 was dosignatcd Type: A whctlerite, allhough 
produced by an entirely different process, and con- 
tained the copper in a different form from any of tha 
materials earlier called whet,lcrites. 

In the sections of this chapter whitih follo\v, a gcn- 
era1 survey of the field of impregnation of activated 
charcoals up to May 1945 is presented. The various 
aspects of charcoal impregnation appear in the fol- 
lowing order : 

I. Copper and copper-silver impregnations of 
charcoals. Types A and AS whetleritcs, and others. 

2. Hexamine- and thiocyanate-impregnation of 
whc tleri tcs. 

3. General studies of charcoal impregnation. 
4. Devclopmcnt of copper-silver-chr~)nliltm irn- 

prcgnation of charcoals. Types AN: whetlcrite. 
5. T>cvelopmcnt of (:ol.,per-silvc:r-moly~~clmum and 

copper-silver--vanadium impregnations. Types ASM 
and ASV whetlerites. 

6. Organic base impregnations of charcoal. 
7. Absorbent resins as substitutes for activated 

charcoal. 

4.1.2 Copper and Copper-Silver 
Impregnations of Charcoals - Types A 

and AS Whetlerites, and Others 

Fivt: t,ypes of copper-impregnated charcoals were 
developed during World War 1.“” Thesc were whet,- 
leritrls A and B, R.ankinite, Rankinite A, and Copper 
Carhonite. 

Whetlerdes A a7~l 13. Whetleritc A was prepared 
by precipitating hydrated copper oxitlc on charcoal 
by the action of hot, caustic on a slurry of copper sul- 
fate solution and charcoal. Whetlcrite T3 was prc- 
pared by treating the charcoal first with a copper 
sulfato solution, and then with finely divided mc?tallic 
iron or zinc, resulting in the dcpnsition of metallic 
coppc:r on the charcoal. After impregnation, the ma- 
terials were dried at 350 C in nither trays or rotating 
driers. Rotating driers wit,h a limitctl air flow ($$ 11~ 
of air per 11~ of charcoal per hour) gave the best rc- 
sulLs. WhcLlerite A has a distinct brown color, 
whereas the best grades of whetleritc: B arc a dark, 
rich red, indicating that both cuprous copper and 
rnet,allic copper are present, a larger proportion of 
rnctallic copper occurring in the Ist,ter. Whetleritce A 
and J3 were considered equally cffectivc. 

The dcvelopmcnt of these materials began in Feb- 

40 
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ruary 1918. An expcrirnental plant was built, in the 
lnttcr part of May of that year, and by July the 
proc:c:ss hacl rsac:hcc~ the stage where plans were made 
for the manufaclrlre of 70,000 lb per day. Semi plant- 
scale production was started in Scpt,c:ml~cr, and at 
the time of the? Armistice, impregnated c:harcoal was 
going into some: canisters. 

Whet,leritc:s A and T3 are quite different from the: 
adsorbent, now clesignat,c:tl as Type A whetlerite. The 
treatment, given whetlerit,c:s A and B results in re- 
duction of copper compounds to cuprous oxide and 
copper, either through hc:at treatment at elevated 
temperat,urcs (in the cast of whetlerite A) or by re- 
d&ion wiL11 metallic iron or zinc at the time of im- 
pregnation (in the cast of whetlerite l3). On the: other 
hand, Typr: A whetlerit,o is made by depositing cop- 
per amrnine carbon:&! in the pores of the: charcoal, 
and tlcc:omI~osing it, to CL10 by heat, treatment at 
150 C. Reduction of the Cut) does not occur under 

these conditions. 
Rankiwite nr~l Ra&nite A. ltankinile is acti- 

vatc:d charcoal impregnatotl with copper salts and a 
small amount of silver nitrate. It, is similar to Type! 
AS wlietlerite only in the metallic elements used in 
its preparation. ltankinite was prcparcd by impreg- 
nating charcoal with copper sulfate or nitrate and 
:I sm:.ill amount of silver nitrate:, and dr,ying at, 250 C. 
Ilankinite A differed from Kankinite in being sub- 
jccled to an additional cwlcinution at ~SIOO C: or higher, 
which resultotl in reduction of the copper compolmds 
LO cuprous oxide and copper. The ailvor nitrate in- 
crensotl the Bh protectJion appreciably, although 
Rankinite and Rankinite A wrre still not good 8A 
absorbents under 80-80 conditions. It is now be- 
lieved t,llat this deficiency was due: Lo the pore struc- 
ture of the charcoal. 

Copper’ Curbor&. Copper Carbonite is t,he name 
applied to a carhn absorbonl made by briquctting 
carhn fines, copper oxide, and a binder. The bri- 
quctted material was roasted, screened, arid acti- 
vated. It, had good PS and CC: activities. 

Thert: was some investigation of Lhe application of 
copper c:omI~ountls to charcoal by spraying, followt:tl 
by heat, treatment. Tests intXicst,cd that these ma- 
terials were as good as the other aopperized charcoals 
and wlictlerites being produced at the time. 

IMPRIXNATIGI) CIIARCOALB I~VELOPE:I) SINCE WORLD 
WAR 1 

The copper impregnating t,eclmique was developed 
Iurthcr in the period 1919-1940.1u’q loa At the bcgin- 

ning of World War II, Type A whetlerite was the 
standard copper-impregnated charcoal in USC for 
canister fillings. It, was chiefly usc!tl in tllc: Type D 
mixture which containctl 20($, soda lime and 80% 
Type A whetlerite. 

PREPARATION 

Type A whetlerite was made by impregnating 
activated charcoal with a solution containing 8 to 
10(x copper, 12 to IS<% ammonia, and 8 to 10% 
carbon dioxide. The impregnated material was 
drained and dried at, I.50 to 175 C for about, 3 IN, or 
long enough to reduce the moisture and ammonia 
contents to specified limits. rn largc~scalc production, 
the whet,lerizing solution was n&L: by dissolving 
copper scrap in an acIueous solution of ammonium 
carbonate containing cxccss ammonia. An air stream 
was usctl to agitat,c! the solution and to provide oxy- 
gen for Lhc oxidation of the copper. Gaseous carbon 
tlioxitlc urltl ammo& were introduced into the solu- 
tion unlil the proper concentrations were attrained. 
The solut,ion was removed from contact, with the 
copper when the desired concentration was rcscllctl. 
Air agitation was continued until all the cuprous 
copper in solution was oxidized. 

Small laboratory batches of whetlerizing solution 
are prepared from basic copper carbonat,e, ammo- 
nium carbonate or bicarbonate, ant1 ammonium 
hydroxide. 

PERFORMANCE IN CANISTERS 

Typical canistJer service lives for Typo A whc:tleriLe 
and other t,ypes of atisorbonts are shown in Table 1. 
The material known as ‘I’ypc: D mixture, containing 
20 ‘3, soda lime granules and X0 (;;‘o Type A whel lerite, 
was the specified canister filling prior to the middle 
of 1942. Sorvicc! lives of this material also can be 
found in Tahlo 1. It, is cvidcnt that the addition of’ 
soda lime: to Type A whet,lerite is not justified by the 
pcrforrnancc of tlic mixture. 

In an cflort to determine the nature of the copper 
compound Icft, in Lhc charcoal after heat treatment, 
portions of tlic: wlictlcrizing solution were evaporated 
to drynt!ss in evaporating dishes at various rates and 
untlor various condilions.’ The results indicated that 
the: riaturr: of the copper compounds was profoundly 
affect,ctl by t,hc conditions of evaporation and tic- 
hytlrtlt,ion-dc:composition. 

Circumstances which allow ammonia to escape 
faster than carbon dioxide or water (such as rapid 



T-ABLE 1. Service times of standard can&em with different fillings.‘% 
(Live in minutes.) * 

Water Content 

-4s Average SatwaGon Per cent. of 
issued after 6 wks val. at sat.u&ion 

Type g H,O g H?O g H,O g H,O g Hz0 (s-9 hr wear) Soy0 RH at 807, RH 
of Base CG in CT-C in in SA in per g Hz0 g ILO reached 

canister charcoal Filling AR-50 canister AR-80 canister AC canist.er AR-80 canist.er canister per earl. per can. after 6 wks 

MISAl Sa.tional Type A whet. 76 
15: 

12 7 49 8 >60 5s 7 42 154 27 
MISAl Sational Type A whet. 101 5 68 36 63 '4 155 
>lISAl Sat.ional Type 1) mixt,ure 54 6 8 5 40 2 >6U 6 5 40 134 30 
XX%1 Sat.ional Type D mixt.ure 134 87 3 69 22 75 15 67 
11IXAl Barehey-Cheney Type A whet. 62 6 12 5 44 - >6u 63 6 41 107 3s 
klTX.41 Barnebey-Cheney Type A n-h&. 73 106 3 72 31 6; 1;; 105 
MTXAl Barnebey-Cheney Type D m&we 65 5 8 5 35 - 

6; 
>Ml 6 4 42 100 42 

?rlIXAl Barnebey-Cheney Type D mixture 77 98 3 74 24 15 67 
MIX41 PC1 Type AS whet. 68 7 23 5 52 >60 62 6 43 102 42 
XX41 PC1 Type AS whet.. 102 74 9 77 41 6: >60 105 
msri2 PC1 Type ASC whet. 87 6 105 6 83 6 >60 66 6 45 101 44 
MIX32 PC1 Type ASC whet. 116 99 76 97 90 11 >60 103 
MIXA PCI Type ASC whet. 101 105 68 102 76 97 
M 10 PC1 Type A whet. 38 12 7 14 21 18 42 32 1-l 26 33 79 
Ml0 PC1 Type AS whet,. 38 35 3 31 14 38 >6O 39 
M 10 Barnebey-Cheney Type AS whet.. 31 22 6 21 25 21 >fxl 49 20 30 57 70 
Ml0 Rarnebey-Cheney Tape AS whet.. 57 2 51 13 42 57 
Ml0 PCI Tvpe 

>60 
4SC whet i 

ASC whet: 

ix 
6 2x 3 31 4 >60 35 42 27 40 67 

M 10 PC1 Tirpe 21 43 19 27 30 40 >60 40 
Ml0 PC1 Type ASC whet. 31 40 18 3x 30 4 >60 33 
Ml0 PC1 Type ASC F7het.i 36 3 39 2 30 33 >60 33 
Ml0 PC1 Type I\SC whet. 35 38 30 20 27 40 >60 37 3 24 40 60 
MI0 PC1 Type ASC whet. 38 40 15 35 

* Teat conditions prevailing in determinakm of service t~imes: 
CC;: 50 lpm Breather Machine 10 w/I concentration. 
CK: 50 lpm Breather Machine 4 n&l concent~ration. 
.kC: 50 lpm Breather Machine 4 rug:‘1 concent.ration. 
8A: 50 lpm Breather Machine 4 mr.‘l concentration. 

t Prepared at Edgewood Arsenal. 
? Prepared at Korthrr-estcm Unirersity. 
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heating, or heating in an atmosphere saturated with 
water vapor) result in the formation of basic copper 
carbonat,c, which decomposes to copper oxide only at 
temperatures above the: 150 C generally applied to 
Type A whetlerite. The: presence of appreciable 
amounts of basic copper carbonate in the wlictlerite 
results in reduced SA and AC absorption. Relatively 
slow drying at] 150 C in a modcrate air stream results 
in the formation first of a complex copper ammine 
carbonate which subsequently decomposes into finely 
divided cnppcr oxide with evolution of ammonia and 
carbon dioxide. 

Copper ummine carbon&> can be reducctl to a 
mixture of cuprous oxide and copper by treatment 
at, high temperatures. 

Tllc-! best samples of Type A whetloritc produced 
in the laboratory were: made by drying the drained 
impregnated ~l~arco~,I in t,hin layers in trays at room 
temperature for nevcral hours befora ovt?n-drying at 
150 C. Convection ovens which allowerl a plentiful 
air flow, and other ovens which were quipped to 
permit, a plentiful flow of preheated air through the 
sample, produced the bc:s;t, whetlerites. The good 
samples showed no evidence of reduction of cupric 
oxide to cuprous oxide and copper. 

Copper is notj selectively adsort~c:tl by activated 
charcoal during impregnation. Whetlerizing sollltion 
is sorbed into the pores of the charcoal and held 
mechanically until the water evaporates from the: 
solution. Copper ammine cttrbonate is deposited in 
the pores and by proper heat t,rc:stment copper oxide 
is formed. 

In ~hc starch for a charcoal impregnant cupablc of 
prodllcing an adsorbent wit,11 high 8A eff Pctivcmcss 
under SO-80 conditions, the effect of using silver 
nit&c! with Type A whc:tl~!rixing solution was again 
invesligat4’ 4 . m .1941. The a-ldsorbent devclopctl 
(Type AS whetlerite), containing copper’ and silver, 
bears some resemblance to thcR:mkinite of World War 
I. However, it showed a good Sh protection under 
80-80 conditions, in contrast to Rankinite. Tt, must 
t)c: remembered that great, advances had bc:c:n made 
in activated charcoal production in the period t)c!- 
twccn 19 19 and 1940, ant1 it, appears that the lack of 
Sh 80-80 protection &libited by Rankinilc: might, ho 
causotl in some tneasuro by the propertics of the: 
charcoal itself. 

Prepamtion of Type AS Wh,etlerite. The condi- 
tions for preparing Type AS whetlerite are identical 

wit,11 those of Type A whctlerite. The addition of 
from 0.1 y0 to O.S(i: of silver (as nit,rate) tjo a Type A 
whellcrizing solution rc:sults in a good Type AS so- 
lution. Some types of tlic c:arly zinc-chloride acti- 
vated, extrndorl charcoals ditl not, produce an ad- 
sorbent with satisfactory SA SO-80 protect,ion whc!n 
impregnated wilh Type AS whcth!rizing solut,ion. 
The reason for this is not certain, but, seems to have 
bc!c!n the resrdl of pore size dislrihution and the: 
nat>ure of the surfacc: of the extruded rods. This fault 
was corrected by changing the manufacturing proc:- 
css. At present, all samples of activated charcoal 
ot,hc:rwise acceptable for use as gas mask charcoal 
can 1~ converted to a Type AS whetlcrite without 
trouble. In impregnations affected by stirring char- 
coal and impiqnant, until saturation is acliicvetl, it 
was found Lhst the charcoal remote from the point 
of entry of the solution did not, acquire enough silver 
to achieve a good SA 80-80 protection. Rapid mixing 
corrected this condition. Experiments showed that 
silver could be introduced as sat,isfactorily by spray- 
ing a finished Type A whetlerilc as by incorporatjion 
with the original whotlerizing solution. 8, ‘“4 

PLANT PRODIJCTION 

A study of the whetlerizing toahniques used at the 
various plants producing Typo A whetlerite showed 
that the equipment could bc used without change for 
the manufacture of Type AS whetlerite.Y Since silver 
requirement,6 are different for different charcoals, the 
following t&1(! of requirement,s for Type AS solution 
was compiled : 

0.2(% AgNOa in Type AS solution for Barnebey- 
Chcncy nut, charcoals 

0.1(x, AgN03 in Type AS solution for PC3 coal 
charcoals 

0.5% AgN03 in Type AS solution for National, 
zinc-chloride activated wood charcoals 

The National charcoals adsorbed silver from solu- 
tion so rapidly that, the larger concentrations were 
necessary t,o get, some silver on all particles. Rapid 
mixing also hc:lped and was recommended in plants 
using these cliarc:oals. 

In view of t,he pousiblc formation of explosive silver 
us&c; in whetlerizing solutions, an investigation was 
rmtlort,aken to determine the conditions under which 
such compounds might1 be produced. It was found 
that a solution containing copper, silver, and um- 
mania could not be matlc to yield explosive corn- 
pounds, although ammoniacal silver solutions con- 
taining no copper forrri m explosive residue when 
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treatctl with sodium llydroxitle.1u It was conch&d 
that Type AS whctlcrizjng solution constiLutes no 
explosion huzard in plants using it. 

4.1.3 Summary of Preparative Con- 
ditions for Types A and AS Whetlcrites 

Numerous stutlics in Types A and AS whetlcrites 
have brought forth the following collclueions.4-“’ lu3 

1. Type AS whetlefizing solution should contain 
8 to 1.0% Cu, 12 to 15(% NIT3, 8 Lo 10% W2, and 
0.1 to 0.5”/0 hg. 

2. Solut,ion-cllarcosl contao t, time should be at 
least, 5 min. 

3. Method of drainage is not importnnL. 
4. Temperature of impregnation may vary hc- 

twecn 25 (:> and 70 C. Above 70 C large amounts of 
basic copper carbonate arc found in the whetlcrite. 

5. Air drying hefore heating in not ctisential. 
6. Oven-heating in trays at, 160 C for 3 hr pro- 

duces a good product. A mode&c: flow of air through 
the oven is desirable to sweep away NIIa, (.X)2 and 
II,0 vapor. 13otating kiln-type driers provided with 
a preheated air flow cun be used to prepare cxcellcnt 
Type A whetlcrites. This typr: of drier is tlcsirablc 
but not, essential. 

ing solution were kept, constant. I%: procedure in- 
volvotl the saving of the solut,ion and tlrainings after 
impregnation, and adding fresh solulion to rest,ore 
the original volume. Successive equal volumes of 
charcoal were impregnated b.y recovered and replen- 
ished solution until analysts showed the concentru- 
tion of the constituents of the solution to be esscn- 
tially invariant from batch t,o hutch. This procedure 
correspontlntl to continuous irnpregnation wherein 
Lhe amount, of impregnated charcoal being with- 
drawn from the impregnation is balanced by a flow 
of fresh solution and charcoal into the: tank. The 
solution in the tank some time after the start of the 
process attains an equilibrium concentration slightly 
different from the original solution. This concentra- 
tion remains constant for any particular set of con- 
ditions, and will change if the typo of charcoal or the 
concentration of focd solution is changed. For the 
particular experiments mentioned above, equal vol- 
umcs of charcoal and replenish& solution wore usctl 
at each step. The original and equilibrium concen- 
trations are as follows: 

7. In Type AS solution 0.1% is usually sufficient 
for good &A protection. Up to 0.5(y0 hg may he neccs- 
sary for some types of charcoal. 

8. Rapid mixing of solution and chnrc:oal is de- 
sirable since silver in removed rapidly from the SO~U- 
tion by :Ldsorption on the chascoul. 

4.1.4 Studies of Whetlcrixing Solutions 

ADSORPTION ov CONSTITTJENTS FROM WIIETLEIUZING 
S~LUTION~~ 

Glution Density c~OC!u 7,NH, O/OCO~ 

Originnl Type A I.211 9.67 14.90 12.66 
TQuilibriurn 1.277 10.04 14.44 13.06 

Whm a Type AS solution is used for continuous 
impragnation, the silver concentration of the original 
solution must be increased slight,ly over the concen- 
tration found adequate for a &-step impregnation. 
The required concentration is determined by the 
nature of the charcoal hcing impregnated. The con- 
centration used in industrial production is usually 
between 0.2 and 0.5% silver.” 

The adsorption of constituents from a whetlcrizing 
solution was st,udied as a function of concentr:ltion.B 
The concent,ration ranges covered were 0.5% to 
I OyO copper; 0.7y0 to 15y0 ammonia; and 0.7% to 
13% carbon dioxide. At, low concentrations the nd- 
Horption of copper is positive but, becomcx negstivc 
at higher concentrations. (Negative adsorption indi- 
cates that the solvent is adsorbed to a greater extent 
than the: solute, resulting in an increnso in the aon- 
centration of the solute in solution.) Thr: adsorption 
of ammonia is positive arid of carbon dioxide nc:ga- 
tive over the entire rangc stud&d. 

Silver adsorption was studied by a radioactive 
t)racer tjc!c:lmique.7 A solution containing 0.0 1 (j$ silver 
was used. The adsorption was found to take place at 
a measurable rate, tmcl was a function of the silver 
conocntration. Over a l,OOO-fold concentration rangr: 
the data fitted a Ereundlich isotherm of the form 

where x= weight of material adsorbed, 
&I= weight of adsorbent, 

C= equilibrium concentration, 
n and k = constants to be determined in each 

A continuous irnpregnation was run in which the 
type of charcoal and the concentration of whetlcriz- 

In the experiment,s performed, using CWSN-44 
and CWSC-11. charcoals, from 73 y0 to 90y0 of the 

X” 
- = kc, 
M 

C&SC. 
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FIGUHE 1. Removnl of silver from solution by chnrconl. 

silver was removed from the solution in 30 min. The 
data are shown in Figures 1 and 2. 

In general, the extruded charcoals activated by 
the zinc chloride process, like CWSN-44 and CWSN- 
P5, required more silver to give good SA performance 
than did gas &ivated charcoals such as the PC1 
briquetted cods, S&tJe pressure carbonized wood 
charcoals, and nut shell charcoals. 

RESULTS OF X-RAY STUDIW OF TYPES A AND AS 
WHETLHRITES 

X-ray studies on Types A and AS whctlcritcs in- 
dicatc that the copper is prcscnt as copper ox& 
spreads uniformly throughout the grain.ll Thcrc is 
a direct correlation bet,ween the activity of the whct- 
lerite toward AC, and the absence of crystallinity of 
the impregnants, indicating that the more finely di- 
vided or amorphous the copper oxide, the greater the 
tendency to react, with AC. The presence of silver or 
ammonium nitrate ~ocms to assist, in the formation 
of firmly divided copper oxidct. The silver appears to 
bo prcscnt as finely divided metal. 

In t,lic case of some coconut, charcoals the solids 
tlopositotl by impregnation are found in concent,ric 
shells in the charcoal granule. Thcsc rings appear to 
bc analogous to growth rings in coconut shells. In 
coconut shell charcoals, about half of the silver dc- 
posited by impregnation is on the outside of the 
granules. Spraying results in t>he depositing of all 
the silver on the outer surfaces of the charcoal 
granules. 

Whetlerites clrictl at low temperatures (25 to 

105 C), incompletely dried at highcr temperatures, 
or preparttd from whetlerizing solutions having a low 
ammonia to copper ratio, arc likely to contain com- 
plex copper ammine carbonuto or basic copper car- 
bonate. Neither material reacts wit,h AC when moist. 

Heat treatment at 200 to 500 C converts cupric 
oxide to cuprous oxide and copper. The AC lives of 
adsorbents thus treated are low, but the Sh lives are 
not appreciably affected. In fact, t,he presence of 
some cuprous oxide seems to accompany higher SA 
protectJion in Type A whetlerites. Upon equilibration 
at, SOcY, RI1 cuprous oxide in whetlerite is convcrtcd 
to cupric oxide. Aftc:r finely divided cupric oxide is 
formed in t,hc charcoal, it is quite st,abln and is not 
appreciably affcct,cd by long heating at 150 C, or 
wetting by water and redrying in the standard way. 

VAPOR PRESHJRE OF WHETLERIZING SOLUTIONS 

The vapor pressures of the volatile constitjuents in 
whctlerixing solutions have been mensured.13* I* The 
data intlic&e that, the complex ion present, in pre- 
pondcruncc is Cu(NH,)$+, although other complex 
ions may be present to a much smaller extent. For 
solrrtions of high ionic strength the rcuction 

NII, + IICO, - q? NH: + CO, - 
was found to have an equilibrium constant of 2. I. 

(NIIt) (CO, -) 
Concentration in 

(NH,) (HCO, -) 
= k = 2.1 moles per 1,000 g . 

of water 

2.0 

2.1 

2.2 

” 

E - 

’ 2-3 

2.4 

2.5 

I -  I 1  I I 

log t 

VICURE 2. Kemovd of silver from solution by charcod 
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The ammonia pressurt: May 1)~ cdcrrlatecl from 
IIenry’s law: ~1 = k(NH.1); k = 16.8 when pressure 
is expressed in mm of Hg at 25 C:. 

The pressures of (.X)2 ure low and only a rough 
correspontloncc~ hctwccn calcul,ztecl and observed 
values was found. 

Variations in the! vapor pressure of water were in 
agreement, wit,11 Rxoult’e law. Vapor pressure curves 
for the? components of Type A solution over all pos- 
sitdn concentration ranges, and curves showing the 
variation in vttpor pressure of the constituents with 
temperxt,urc in the range 15 to 70 C (oalculatd from 
the? (.~luusius-C:lrtpey~~)n equation) arc given in Ihe 
original rc:port.ls! l4 Similar curves for Type ASC 
solution nppenr in a later section of this chapter. 

IIEATS UP SOLUTION OF VOLATILE CUNSTITUWTH 

The average heats of solution of the vnlatJile con- 
stituents in Type: A sblllt,ion are: 

Hcet, of solution, kg-cal per rrrolc 

NH, co, HrO 
9.1 15.9 11.0 

The: vulucs for Type AS solution wcrc not. metts- 
ured brat should not, vary apprc:c:iahly from the above. 

GASES EVOLVEI) DURING DRYING OP TYPK A WHET- 
T,ERITE:S 

A study was made? of the composition of the gases 
evolved from whetl~~ritc~s during drying.‘2 l’or t,his 
study, a 5-g sample of charcoal was whet~lerisd in 

01 I I I I I I 
0 ‘2 24 36 48 60 72 

TIME(MIN) 

FIG UHE 3. Tempernt,llrc-t,ime relntion in the clrying of 
impregnated chcottl. 
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1~1c:rJati 4. (.:n,s evolutinn dwing t,lw dryirlg of cl~urconl. 

tlic> usual way snd dried in an oven at 1.50 C with an 
xir xtroam of 1 IO ml per rnin passing through the: 
sample. The gases were collected and analyzed. Am- 
moni::b was driven off most rqdly, followecl hy car- 
bon tlioxidc: ~mtl water. The evolution of water lnggotl 
predominitntly in the cftrly stLtg(:s, and th:kt, of c:d)on 
dioxide in the latter stages of drying. C& evolution 
was most rapid during the period of drying corrc- 
sponding to a temperittrrre incro:tst: in tlic: t:k~rcottl 
lml from 72 to 85 C. The clattt ftrc prcsontcd in Fig- 
ures 3 and 4. Figure 3 shows the time versus temper- 
,ature curves for the charcoal and for 11~: dfhlent, air. 
Yigure 4 shows the percent,age evolved of ertch gas as 
n function of time and of t,emperature. AdditJionnl 
data arc given in Tat)lc 2. 

4.1.5 Reactions of Types A and AS 
Whetlerites with Absorbed Gases 

Performance clat:t of Typc:s A ant1 AS whctlcritcs 
are given in Table 1. 1 t can 1~ seen th$Lt the SA X0-80 
protection afforded 1)~ Type A in the M I Oh1 CU- 
ister is negligildc, wldc tld atiortleti hy T.vpt? AS is 
entirely adequate. 

ADSORPTION OF SA 
SA removal is apparently a catalytic oxidation of 

Sh by atmospheric oxygen to AszOa and perhaps to 
hs&~. The product, of arlsorptJion of SA is deposited 
in :L shell around the outside of the charcoal granule. 
It, can 1~ cxtrat:tc:tl with alcohol as hszU3 from both 
Type A ~ntl AS whetkrites. Sixty-five per cent of th(! 
total AS& can t>c cxtractctl easily; the remainder 
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slowly and with clificulty. The action of cupric aside 
is apparently catalytic when the whetleritc is dry. 
Silver alone acts as a catalyst, but is not so effective 
as when mixed with cupric oxide. Exhaustion of the 
adsorbent occurs through deposition of As& or 
As205 on the active surface, effectively scrooning it, 
from further contact with SA. Hence SA is an offec- 
t,ive poison for AC adsorption, since il also dope& 
on contact with cupric oxide for removal (xoc below). 

TABLE 2. The drying nf Type A whctlcrito. 
- 

Period 1 11 III IV v” 
-“.- --.xI- 

Total time of drying, min 16 24 48 70 100 

Length 0C period, min 16 S 24 22 30 

Temperature range within 
period, degrees C 22-72 72-8.5 85-l 00 100 150 150 

Per cent of total urncjunt of 
cxch constituent, during 
period 

NH, 26 53 16 6 1 
co, 23 45 17 11 4 
XIrO 9 38 37 15 1 

Cumulative per cent of each 
constituent evolved 

NH, 26 70 93 99 100 
co, 23 68 85 90 100 
I&O 9 47 84 99 100 

Averttgc prcssurc of each 
cnnxtitucnt, during lx- 
rind, mm Hg 

NIT, 04 56 12 
con 18 17 7 
H,O 118 342 152 
Ail 540 325 509 

’ AM~RPTION OF AC 

Types A and AS whetlerites have practically the 
same protection against AC, when used as a canister 
filling. The mcchanismu of removal appear to 1)~ 
id&icul. The reactions post&&d are C-l8 

2HCN + CuO - C:u(CN)z + I-l&, 
and CLAN + CuCN + M(CN)2. 

Cyenogcn is presenl; in the effluent air stream near 
the break point. 

A rnorc complete discussion of the mechanism of 
gun rcmovul can be found in Chapter 7. 

Copper-impregnated charcoals such as Types A 
and AS whetlerites have great,er ethylene imine pro- 
t,ection than do unimpregnated charcoals.3R-a9 How- 
ever, impregnated charcoals allow a much mart: 
rapid penetration after the break point. A compxri- 

son of several basic gusts tested against CWSE-l- 
TEl, a coconut charcoal convc?rt,cd to Type A whet>- 
leritc at Edgewood Arsenal, is given in Table 3. 

TABLE 3. I’mtcctJion afforded by Type A whct,lcri(,e 
again& basic gnxcs. 5-cm lube &tit, flow rrztc 500 
ml/crn2/min. 

- 
Per cent Rreaktime, 

GM Cont. mg/l KH min 

ih* 3.17 50 110 
TXethylene amine 3 50 180 
Pipcridinc 3 50 171 
Trimethylene iminc 3 50 101 

-- .-.. _.,_” ̂..- 
*Ethyhm: iminr. 

With the exception of ammonia, basic gases arc 
well adsorbed. As the number of carbon atoms in the 
methylene imine scrics increases, the whetlerilc pro- 
tection for the compounds increases, corresponding 
to the decrease in vapor prcssuro of the materials. 

CWSElTTi’l cftn bc poisoned toward EN by 
HzO, AC, and COz. Also, the protection decreases 
with increasing temperature:, indicating a straight 
adsorption mechanism as t,hc: principal one. At 26 C 
the protection is adequate below 70(x, RH, but is in- 
:~tlcqunte at higher humiditics. 

Type A whetlerite, broken by EN, is not, regener- 
at,(:d on standing. It in poxsiblc &at, some of the EN 
is held t)y formation of a copper coordinat,ion com- 
plex, bllt it appears likely that some is held also by 
adsorption (capillary condensatJion) since it can I)(: 
desorbed to some: c?stent by passing air through the: 
charcoal. EN is adsorbed by whetlerite from air-free 
systems as well us in the presence of air, showing that 
atmospheric oxygen is not, involved in the adsorption 
mechanism. 

AI)SORPTION OF OTHER VAPORS 

Adsorbed organic vapors and certain reactive gases 
such as H28, Cla, and Cl< reduce t,hc: AC and Sh 
livt:6 of Types A and AS whetlerit;es. This c&t is r(:- 
fcrrctl to as poisoning. In some cases, it is tluc to 
tiirnply plugging the pores or covering the: rouotunts 
or catalysts with an inactive layer or film, rendering 
the nctivc part, of the charcoal unavailable to the 
t,oxic gas. This cffc:ctj may be observed with hydro- 
carbons and water. Active gases such :ts HzS and 
Cl2 rc:atc:t with (3~0, thus rendering it inactive t,nwartl 
SA or poisoning it as an SA catalyst: 

CuO + HPS - C:uS + HzO; 
2CuO + 2C12 + (H,O) --+ CuClz + Cu(ClO)r. 
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Silver is similarly affected by dome active gases and 
part,icularly by AC. 

Protection of Types A and AS whctlerites against 
CG is adequate tither wet or dry. Apparently CG is 
hydrolyzed very rapidly even by the small amount 
of residual water on dry whctlerites. Copper oxide 
serves to retain the hydrochloric acid formed by hy- 
drolysis. Wet, unimpregnated charcoals also have 
very high (3:: capacity, the large amounts of mois- 
ture apparently retaining HCl effcclively. 

Many gases arc rest&cd by simple adsorption, 
particularly those with high boiling points and low 
vapor pressures at normal temperatures. PS and 1-T 
arc examples of this type. Long protection is aflforded, 
but eventual desorption may occur in c&sters ex- 
posed to larger dosages. 

Tests have been carried out using a large number 
of different types of gases. The results are shown in 
Table 4.1y, 2o It will be noticed that NH3 and CO 

‘l’ABr,x 4. Absorption of v>%rions gases by Type A 
whetlcrite. Test conditions: 5-cm layer equilibrated 
at RH given in colurnrl 2, flow rate 500 cm8/cm2/rnin 
rtt conccntrntion indicated. ^ ..~ .~.. ~. -: 

Percent&ge Gas concen- 
relative t&ion, Dreaktirnc, 

Gas humidity w/I min --. 
SOY 95’ 

,.~-- 
5.2 3s 

so2 50 5.2 05 
so, 0 5.2 36 
NickeI carbonyl 50 5.2 120* 
co 50 
Methyl isocynnide 50 ii 

1 
114 

95 2,s I1 
Methyl sulfonyl chloride 50 3-5 140 

95 . . . 120 
Amnlonin 95 3 --5 5 

95 3-51 3 
Ethylene irnine 0 3.17 SO 

52 3.17 100 
100 3.17 59 

Trimethylcne iminc 52 3.22 lG0 
Pentamethylenc 62 3.28 1X1 .~, 

*Showed B CC) breitk in 1 min. 
t On E-l broke wilh N-hexane. 

penetrate almost instantaneously. All the other gases 
tested were well retained by the whctlerite. Only 
methyl isocyanide showed a rapid, wet penetration, 
and it was not instantaneous. 

1e.l.6 Type D Mixture 

It was found during World War I that dry acti- 
vated charcoal did not, retain CG well, particularly 
when the charcoal had a low capacity for pure ud- 
sorption. Exposure of a canister to high concentra- 

tions of CC+ followr:rl by a long wearing of the gas 
mask resulted in redistribution and desorption of CC: 
and the production of uncomfortable or dangerous 
concentrations of gas in the eHuent. Humidifying 
the charcoal resulted in the hydrolysis of CC: and the 
production of rmcomforLable, alt,hough not, tlanger- 
~IIS, concentjrations of hydrogen chloride in the 
eflluent. 

13~ using a layer of soda lime on the c!ffluent side 
of tho charcoal bid, or dry mixing shout 20 (5, by 
weight, of granular soda lime with the charcoal, the 
retent,iviLy of th(? canister for CC: and HCl was in- 
creased, thus producing a satisfactory absorbent 
for CC:. 

The use of soda lime was carried over from World 
War I and wan included in the specification for can- 
i&:rs filled with copper-impregnated charcoal. Thr! 
rt:Bults in Table 1 indicated that, soda limo admixucd 
wiLh Type: A or AS whctlerito served no useful pur- 
pose. A complete study of the! use of soda lime was 
made in i942.“l The mnults were as follows: 

1. Type L) mixture (20 76 soda lime, 80 ‘g Typo A 
whetleritc) gives graaLer CG protection when the 
whetlerite is of poor quality. High quality whetlarite 
gives protaclion as good as, or better than, the mix- 
ture. 

2. Soda lime mixtures give somewhat bettor pro- 
tection than Type A whc!tleritle against gases which 
liberate &Va on adsorption. However, the protection 
given by Type A whetlcrite is very large. 

3. Type 11 mixture is inferior t,o Type A whethbrite 
for protection against CK, 8h, I’S and all other gases 
with which soda lime does not react. The: decrease in 
protection caused by t,he ad(ftion of 20($, of sods 
lime: to Type A whetlcrite may be more than 2Om/, 
in cases where the bed depth of the canisLer is close 
to the critical bed depth of the gas being adsorbed. 

4. TJsc of soda lime in the MIXXl can&or ie not 
objectionable since the canister over-protects for all 
gases except CK at high humidity; in the Ml0 or Ml 
can&or soda lirne is a disadvantage. 

Since the development; of Type AK: whetlerite, 
the use of soda lime is no longer a considcrvtion and 
has been dropped from the specifications. 

4.2 HEXAMlNE AND THIOCYANATK 
1MPREGNATlONS OF WITI;:TLlZRJTES 

1’.2.1 Introduction 

As indicated in Tablo 1, the proLection afforded by 
Type A and Type AS whetlerites againsL CT< and 
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AC is considerably below the desired level. The best 
gas mask udsorbcnts for those: agents preparcd prior 
to 1910 were made by a secondary impregnation of 
Type A whetlcrile with a basic solution of sodium 
thioayude or hexamc:thylenetetraminc (hexaminc). 
Thest: materials when u~cd in canisters, that were 
standard befort: 1940, absorbed 43 to 1780/o g4 more 
CK and 11. to 71 ‘XI more AC than t,he Type A whct- 
leritr: and Type T> mixtures in use previously. The 
prot,ectJion toward I’S, CG, and SA was equivalent 
to that of Type A whetlerite and Type r> mixture 
and in each case SA life was practically zero for the 
humidifictl canis&. 

JTexarnine ant1 thiocysnatc: irnpregnatotl materials 
possesxcd the following dinadvantages: 

1. Deterioration on storage. 
2. Evolution of uncomfort,:bble conccnt,rations of 

ammonia during use. 
3. Neceatiily for a secondary impregnation for ap- 

plication of the hexamine or thiocyanate. Both of 
thcnc imprcgnants arc dest,royed at, t,he temperature 
noccssary to preparo a good qualit,y Type A whet- 
lerite. 

One of the problems under consideration in the 
period 1941 to 1945 was the improvement of this 
t,ype of adsorbent, with respect to (1) the: CK pro- 
t&ion after storage, (2) humid SA protection, and 
(3) the diminution of evolvctl ammonia. 

4.2.2 IIexametbylenctetrarninc (IJexamine) 
Impregnations 

~~exumethylcnctetr,2mine [ (CH&NJ was used as 
a charcoal imprcgnant, in German gas masks during 
World War I. It, was believed thatj it was added to 
irnprovo CG prot,cction. It was found later that, CK 
protection also was improved by the use of this com- 
pound. hi 1927, 5 proac:dure O7 for the plant impreg- 
nation of hexamine charcoals was published by work- 
ers at Edgcwood Arsenal. Later publications ~R-lUu 
summarized the work on this particular type of irn- 
prcgnation. Inasmuch as sodium tliiocyanat,o was 
considered superior to hcxamine, little work WCLS 
done on hexamine between 1936 and 1942. The work 
done in this period was concerned mainly with thio- 
cyanat,e impregnated materials. 

MWIYKID~~ OP AITLI~ATION or' HEXAMINE 

In 1942, t,he investigation of hexnmine was rc- 
opened and further experiment,s were pt!rformed.22T 28 
These indicated that, hexaminc could bc added to 

Type A or AS whctlerite as a secondary impregnxnt. 
This procedure is troublesome but is to be preferred 
to addition to the original solut,ion since the heat 
t,reetment, neocssary t,o produce a Type A whotlerit,e 
of high quality causes extonsive decomposition of the 
hexamine. It. was found that sodium hyclroxidc 
should be ad&d with the hcxamine to reduce the 
rata of deterioration of the +tlsorbent. Absence of 
sodium h.yrlroxide favors higher initial lives but, re- 
sults in a rapid decrcasc of CK protect ion during 
storage (see Table 5). More than 2%) of hexaminc: in 
the secondary impregnating solution results in cvo- 
lution of intolerahla concentrations of ammonia in 
use. Optimum concentrations of the secondary im- 
prcgnuling solut,ion were found to be 2%, hcxamine 
and 5 % sodium hydroxide. 

Impregnation is performctl by soaking dry char- 
coal or whetlerit,c in an aqueous solution of hexamina 
(containing other desirotl constituents). In labora- 
tory preparations, the material is soxkctl for 30 min, 
drained for 30 min, and oven-dried in a g-in. layer 
on a wire screen tray at about 45 t,o 50 C for 12 to 
20 hr. An air stream at a linear velocity of 25 cm 
per min is passed through the layer of drying whet- 
lerites. 

T~:VFECT OF pH ON HWXAMINE IMPREGNANT~ 

Addition of acid to a hcxumine impregnating solu- 
tion decreases the initial CR and AC lives of the 
adsorbent, as is shown in Table 5. 

TABLE 5. lMect oF $I on hex:tmine impregnation of 
(>WSC-11 Type A whetlerite. Test, conditions: s-cm 
bed depth; 500 cm3 per cm* per min flow rate; gRs 
concentration: CK = 2.5 mg per 1; SA = 4 mg per 1; 
AC = 3 mg per 1. 

~zz--~---- --I -- 
Compositiort of Tube test service lives, min 

imprcgnnting solution XlrSO corrditIions 
-,“~ 

2% hexatnine SA CK AC ~_.. 
+5%NIEOR . . 48 
-+0.5 NaOH 67 ai 
+0.005 NBOII E 67 35 
to.0 29 67 
+O.OOl NH$Od 71 ;: 
+O.J NH,%& El 57 13 
$3.0 NHZSOI 10 0 2 
+O.l NCH,C:OOTI 58 62 21 

~:VFECT OF ADNED SAUN ON FTEXAMINE IMPREU- 
NATION 

Salts of the amrnine-forming met,& Cu, Cd, Co, 
Ni, and Cl, were added to the whetlerite with the 
hexamine in an effort to &crease the evolution of 

. 
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ammonia from hexamine-impregr&ed whctloritc. 
When enough metal was added to decrease the: am- 
monia evolution appreciably, the odor of formal- 
dehyde” bccsme noticeable and in most, cases was 
more objectionable than t,hc odor of ammonia. In 
every case where such metals were added, the: C:Ii 
life was reduced, the degree of rctiuction depending 
upon the amount of m@a,l added. Cadmium and zinc 
diminish CK life to a smaller extent, than do cobalt, 
nickel, and copper. However, cadmium seriously de- 
creases AC,: protection, 

A sample of hcxaminc wlietJlerite containing catl- 
mium and emitting a strong odor of formultloh~ytlo 
was sprayed with sodium hydroxide until the odor 
was no longer that, of formaldehyde but bcoamo that, 
of ammonia. It is possible to liberate either of t,hr? 
hydrolytic products of hexumine from the absorbent, 
b.y oontJrolling the conditions in t,his way. Probably 
it would require a very deli&c balance of $1 find 

metal ion concentration to product an absorbent, 
having satisfactory canist,er pc:rformance. 

X-RAY STUDIES OF HKXAMINIC TMPREGNATIONB 

X-ray studies of these materials liavc revealed 
that hexamint: is precipitated on the charcoal in a 
different crystalline form from that obtt~inc:ti by the 
c?VCLpOraticJll Of :*. Wh?r sOhticJn. WhCn KtWlthrt~ 

Type A whetlerite is trc!atc?tl with hexamine in a so- 
lution containing cobalt or nickel nitrat,e, an X-ray 
pattern characteristic of the: copper nitIrate hexaminc 
complex appears. The standard pattern for this mtt- 

terial was math: from a precipitat,c formed by the 
addition of copper nitrate to a water solution of 
hexaminc. When hexamine is adtlcd in the presence 
of cLLdKIiUIn Ilk&!, an dtcJ&lcr difhiY!rlt WaCticJll 

occurs, t,hc: products of which have: not yet been 
identified. Somt: of the copper of the whctlcritc ap- 
parently is reduced, but it, is not dissolved and repro- 
cipitated as a hexaminc: complex, as is the case when 
hcxamine is applied t,o T.ypc: A mhetlerite in Ihe prcs- 
encc: of cobalt and nickel nitratca. 

CI< SURVEILLANCE OE* HEXAMINE IMPREGNATND 
AD~ORBIENT~ 

The CT< protection of a base charcoal impregnated 
with hcxamine was better than that of a Type A 
whetjleritc: similarly treated. After aging in scaled 
containers at, 80(7” RI1 and 45 C for 243 days, the 
CK life of the hexamine impregnated charcoal was 

h Pormnldehyde is formed in decornposit,ion of t,he hex+ 
mine. 

bett,cr than that of the hexamine impregnated whet- 
leritc. Typical results are shown in Table fj. 

r~ABldx 6. CK surveikmce of hcx>ttnine impregnated :L& 
sorbentx. Tube tetit conditions: &cm bed depth, 500 
cm” per cm2 per rnin flow rA,tc, cont. of CK = 2.5 
mg per 1. 

-. - Ck HCHO tube hvos, mm 
Adsorbent Initisl after 243 dnyt3 ---,, ^., .--- _ 
CWSC--11 chnrconl + 2% hexamine + 

5o/o NaOII 49 41 
CWSC-I I Type A whetleritc + 2% 

hex&mine + 570 NnOTI 33 22 
CWSC-11 Type A whetleritr + I y0 

hexa,minc + 5% NaOTI 28 11 
CWM-11 charcoal f 4% hexsmine 70 8 
CWSC-11 Type A whctlcrile + 4% 

hexarrdne 90 3 “.- 

IIexamine impregnation of charcoal or Type A 
whetlerite products an adsorbent with fairly good 
CR protection but; t,hc: difficulties ent:ourlt,crod in 
overcoming ammonia evolution and det)erioration on 
aging render it of litt,lc value. In cast of extreme 
emergency it might prove to t)(: useful. 

4.2.3 Thiocyanate I rnpregnations 

Sodium thiocyanatJe impregnatcti whetlerite (or 
Type: E li impregnated charcoal as it is officially desig- 
nated) was devclopcd in an effort to produce an atl- 
xorbent superior to hoxamine impregnated wlictlcrito. 

In 1926, during a starch for new imprcgnunt,s, it, 
was discovered t#hat t;hc (:K protection of chttrcottl 

could be improved markedly by impregnating the 
charcoal with ammonium thiocyanate, alone or in 
combination with sodium carbonate.gg In 1933 urltl 

1934 this impregnation was further improved yy by 
using a solution of soclilnn thiooyanate together with 
sodium hydroxide to impregnate Type A whetlerite. 
The: adsorbent, had improved protection for both UC 
and AC. Designated as Type E 6 impregnated char- 
coal, it, was also found to be more stublo than Type A 
whctleritr: imprcgnatcd with hexaminc and sodium 
hydroxide. 

APPLICATION OF TIIIOCYANA~I~I+C w TYPE A WFIET- 
LERITE 

The material as originally specified was produced 
by soaking Type A whctlorit,c in a solution contain- 
ing 5% sodium hydroxide and 0.5 (jJ sodium thio- 
cyanate, draining, and draying to less than 5% mois- 
ture in any convenient, t,ype of drier at any temper- 
ature up to 150 C. 

. 
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Atborbcnts prepared by the above method and 
used as cnnistc:r fillings cvolvctl an odor of ammonia 
stJrong c:nough t,o be ohjccConeble to sensitive ob- 
sl!rvcrs. During storage, these canisters contIinued to 
cvolvc ammonia, and a decrease in CK and AC lift 
was noted. This decrease was much grcaLt(:r during 
1,ropic:tl storage than during normal storage at, lMgc:- 
wood Arsenal. 

A program was initiatd w to provide :L process of 
manufacture which would yicltl :L product srtbstan- 
tially free from the odor of ammonia. ‘I’ho work 
proved that insufficient, drying was mainly rcxpon- 
sible for the ammonia odor of the whc!tlcrit,c. An ad- 
sorbent free from this odor wan produced by oven- 
drying the imprt:gnat,cd maleriul in trays at 80 to 
100 C for 20 hr with frc:c: c:irc:ulation of air around the 
trays. This drying procctlurc was sufficient to reduce 
the moisture contJc:nt, to 1.0’s or less and to remove 
the excew ammonia present in the impregnated chnr- 
coal, l’or this at,INly, the same type of secondary im- 
pregnating solution was uncd as had been used previ- 
ously and t,eohniquos of impregnation and drainago 
mere similar. TIN: moisture content had to be reduaotl 
to I o$ brfore drying was considered complot,c. 

A study of the preparation 26 of li; C; Impregnated 
charcoal showed that, the amount, of sodium hyclrox- 
idn usotl in the secondary impregnation could bc re- 
duccd from 5Cy0 to 1 ‘TV and still ykltl :b gootl product. 

The F, (j impregnated c:harc*oal showed a tendency 
t,o adsorb :L slight,ly larger qrlantitIy of moisture than 
Type I> fillings under conditions of tropical storugc:. 
In tropical storage Ti: (j impregnst,r!ti c:liarc:oul slowly 
lost, atlsorptivc capacity for AC and UK. However, 
the decrcasc is not appreciably different, from t,hut of 
the Typo D filling then in use. These offncts arc corn- 

parctl in Table 7. 

TABLE 7. Ch~ngcs in absorptive cq>acity after t,wo 
yearc: st,orsgc in Pnnnmn ,znd stornge in si tnulatcd trop- 
icnl conditions at Pk~gewocd hrscnr&l. _-- 

Text F: 6 irnprcgnn,ted Type D 
gas chnrcortl filling _~ 

PS 47% decrease 36% dccrc~qe 
CC 79y0 incrcRsc 2970 increltse 
SA I9 7” dccrcs,se 2yo decrease 
(>I< i’57o decrease 69y0 dccrcnsc 
AC 22’7” incrc>hsc 17% incrertse 
Moisture content nfter 2 yenrs 

surveillrtnce 15.0 to 17.6’r, 11.0 to 14.1% 
W;;&;econteril bcforc snrvcil- 

’ , 1.5y* 3.4% 
- ----- -.- 

The development, of E G impregnated charcoal was 
at this stage in 1940, when furt,her work during t,he 
period I940 to I945 was done in an attempts to pre- 
part: samples in which dctctriorution of t,hr: A(: and 
CK protcation in tropical storage would bc small. 

Decrease in the CK life of an E 6 impregnated 
charcoal is accompanied by a decrease in the thio- 
cyanate content and an equivalent increase of the 
sulfate content of the adsorbent,. Tnvestigation 
showed that the thiocynnnte of the impregnntetl 
charcoal is present in two forms, one of which was 
easily extractable with hot water and the other not.“’ 
The extractable form is apparently the part, of the 
thiocyanate t>hat is oxidized during storage. Samples 
storctl at, ~l~vatcd tcmporaturcs in a vacuum also 
show this effect. It, appnars that, atmosplloric: oxygen 

is not osscntial for this reaction. hdsorbod or chcmi- 
sorbctl oxygen is probably rcsponsiblo for thaL oxidtt- 
tion of thiocyanate which occurs in ZJUCUO. 

The CK life falls off as the extractable t,hiocyanate 
is oxidized to sulfate, until the life reaches a constant 
level :d~ouL twice as great as the CK life of untreatIed 
Type A whetlerite. This residual life has been at- 
t,ributecl to the unextractnble thiocyannte. The data 
in Table 8 show this effect,. 

TABLE 8. C~orrelation of C.!li life with extract:tble 
t,hiocyanatt! corker10 of F: 6 irnpregnrttcd chsrco:l,l h&cd 
nl, 100 to 110 C in nir. Tube test conditions: S-cm layer, 
500 cnlB per cm2 per min flow rate, 50”/‘, IUI, 25 C. 
Adsorbent dry when tested. 

Extr,zctnhla 
s as so;-: 

IIcaOitlg CT< lifa rxtre,ct:l,hle 7. TJnex- 
time, hr min S IUS WN- trucBble 8C:N 

0 71 < 
2 69 0.0x9 .72 
4x 56 0.46 34 
x 52 0.93 34 

24 48 3.74 32 
67 46 >20 . 

Type A 
whetlerite 27 . 

The (::I< 1%: approucd~os a conslant value as the 
extmctablo tliiocyunatc approa&Cs complete oxi- 
dation. 

APPLICATION OF THUKYANATK TO TYPE A WHIGT- 

LERITE 

Type AS whetlerite was impregnated with thio- 
cyanate. Optimum drying conditions appeared to be 
rj hr at 100 C, oven-drying. The initial SA and AC 
lives were slightly lower than those of Types A or 
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AS whetlerites but not seriously so. The use of 
sodium hydroxide was found to decrease the amount 
of rmextractable thiocyanate. The rate of oxidation 
of extractable thiocyunatc to sulfate was not affected 
by the presence of sodium hydroxide. In addition, it 
was found that, t,hc SO-SO CX prot&on was superior 
both initially and after aging for those samples with 
the lower sodium hydroxide contents. 

E ci impregnated charcoals produced by the above 
method have approximately as good canister pro- 
t,ection for Sh, AC, and CG as the Type A whetler- 
ite. CK protection is satisfactory but not outstand- 
ing untlcr SO-80 conditions. Silver nitrate sprayed on 
II: i impregnated charcoal increases SA protection 
but, decreases CK protection. 

IJsing a radioactive tracer t,echnique,2h somr: rc- 
search was done to determine the solubility of silver 
thioayanate in whetlerizing solutions and to deter- 
rninn l;he adsorption of Ag+ and SCN- frorn whetler- 
izing solution. No precipitation of AgSCN takes 
place in a whetlerising solution containing 0.1% of 
AgSCN. The hg+ and SCN- are adsorbed com- 
pletely and fairly rapidly by charcoal. 

Since the development of the ASC process the 
study of both hoxaminc and thiocyanate imprcgna- 
tions has ceased. Thiocyanate appears to be more 
useful than the hexamine in whetlerite imprt:gnat,ion. 
B’ull manufacturing directives can be quickly com- 
piled from data available. 

4.3 GENERAJ, STUDIES OF CHARCOAL 
TMYKEGNATION 

4.3.1 Introduction 

Jt has been known for many years t,hul the ad- 
sorptivc and catalytic properties of charcoals are de- 
pcntlcrlt upon the nature of the ports in the charcoal 
and upon the chemical materials other than carbon 
which arc present in the charcoal. Each operation 
used in the preparation of activated charcoal (for 
example, carbonization and act,ivation) has an effect, 
on the nature of the ports. The raw material used 
determines the materials other than carbon which 
may be found in activated charcoal. The impurities 
may be altered by impregnation, thus increasing the 
kind and amounts of chemical materials present, or 
by leaching, to r&cc the kinds and amounts. Or- 
dinarily impregnation is used to add to the charcoal 
a material which it does not cont,ain initially and 
which promotes the adsorption of a specific toxic 
agent. 

4.3.2 Catalytic Reactions and Types of 
Catalysts 

Impregnants either react, directly with the gas bc- 
ing absorbed or act as catalysts for reactions of the 
gas with oxygen, water, and so forth. 

Although not, all of the mechanisms for the absorp- 
tion of toxic gases by gas mask charcoals have been 
proved, the reactions tjhatj arc most likely to occur 
after physical adsorption are oxidation, decompo- 
sition, hydration, hydrolysis, and perhaps reduction. 
In many cases, more t,han orif? reaction may occur. 
Various catalytic reactions and the catalysts best 
suited t,o them are listed in Table 9.28 This is a gcn- 
eralizod table and has been built up from data on 
many diffcrcnt catalyst carriers under various con- 
ditions of use. The elements listed are used in rnany 
different forms, for example, pure metal, alloy, oxide, 
halide, molybdates, and phosphate. 

TABLE 9. Catalysts frequently used (in order of ef- 
ficiency). 

.-. 
Periodic group Oxidation catnlysts .--, ~--..“-..- 

VIII Pt, Rb, Ir, Ni, Fe, Co 
V V, Nh, Ta, Bi 
VI W, Cr, MO, U 
VII MI1 
I Cu, Li, D, Na, Ag 
IV Si, Th, I’h, Sn 
II Zn, Hg, Cd 

Decomposition catalysts 

VIII Fe, Ni, Pt, Pd, OS, Rh, Ir 
I Cu, Au, Ag, Na 
II Zn, Ca, Mg 
111 Al 
IV Ti, Th, Sn, Zr 
VI Mo, Cr, W, U 

-. 
Hydration c&~lysls - 

IT1 Al 

:r 
Th, Ti, Ce, Si 
Zn, Cd, Hg, Cn, Mg 

I Ag, Au, Cu 
VI MO, W, Cr 
VIII Fe, Co, Ni 

Reduction cataly&s ---“-.“*.--^- .,--. -- --... -. 
VllI Ni, Fe, Co, Pd, Pt 
II Mg, Zn, Hg, Cd 
I C:u, Ag, Au 
VI Mo, Cr, W 
VlI Mn 

4.3.3 Charcoal as a Catalyst Carrier 

Charcoal has been used as a carrier for many types 
of catalysts and in many types of reactions. A few of 
these are listed below : 
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1. Synthetic reactions. Example: 

CH,C&OH + CH2 = CH2catltlyRt C,,&OH. 

Catalyst = bone charcoal containing Fe203 + 
Al203 promoted by Yb, La, or Zr. 

CO + 3Hz?!!! CII4 + H20 

Catalyst, = charcoal + Ni, Mn, and Al catalysts. 
2. Decomposition reactions. Example : 

catdyst H&z -- Hz0 + 30, 

Catalyst = MnOz on charcoal. 
3. Oxidation reactions. Examplo: 

02 + AszOs %f$ As& 
Catalyst = CuO on activated charcoal. This re- 

action may have prompted the first 118~ of copper 
oxide as an SA catalyst. 

4. Reduction reactions. Exam+: Reduction of 
oxygen-containing organic compounds by 112 ov(?r 
activated charcoal impregnated with Fe, Cr, or Ni. 

5. Hydration nnrl dehydration. Example: Hydra- 
tion of ethylenic hydrocarbons t,o alcohols at, 150 C 
over CuO + WO.1 on activated charcoal. 

6. Hydrogenation and dehydrogenation. Example : 
Hydrogenation of fats over Ni on activated charcoal. 

7. Desulfwization. Rxamplc: Desulfurizution of 
crude oil by the use of colloidal molyhdcnum and 
copper chromitc on activated charcoal. 

8. C/dorilaation, et cetera. Example: 

co + Clz 22% COCl2 

Catalyst = ShCl, on activated charcoal. 
Thus a large varict,y of reactions are catalyzed by 

the ufijc of the proper impregnant on activated char- 
coal. 

In addition to being a good catalyst, carrier, char- 
coal has the ability to adsorb gases which have rela- 
tively low vapor pressures at room temperature and 
which do not, undergo catalytic reaction on impreg- 
nated charcoal. Therefore, protection can be cx- 
petted for the large bulk of toxic materials not, spccil- 
ically considered in selecting the impregnant. 

4.3.4 Possible &actions in the Adsorp- 
tion of Gases on Gas Mask Charcoal 

Since activated charcoal contains a certain amount 
of adsorbed oxygen, probably proscnt as chemisorbed 
oxygen, the following reduction reaction is a possi- 
bility in some cases: 

(carbon + chemisorbed oxygen) + reducible sub- 
stance + catalyst -+ CO2 -+ reduced sub&nce. 

Carbon + chemisorbed oxygen may be considered 

as incipient carbon monoxide and should function 
as a good reducing agent in the prnsence of reducible 
material. 

Coppor oxide when dry, and a mixture of metallic 
silver and copper oxide when moist have proved to 
bc good catalysts for SA absorption. The reaction in- 
volvcs oxidation of the SA and possibly decomposi- 
tion prior to the oxidation. Both copper and silver 
act as oxidation and decomposition ca,taIysts (see 
Table 9). 

IIydration and hydrolysis are possihle steps in the 
absorption of gases like CG and CK. 

The imprcgnants that have proved to be most ac- 
tive toward CK and AC are copper combined with 
chromate, molybdatc, or vanad&:. The state of the 
impregnant after heat treatment is not known dcfi- 
nitc!ly,. except that, chromium must be present with 
copper in the hexavalent state to form an active 
catalyst for the destruction of CK. The copper 
molybdate and copper vanadatc impregnants require 
a drastic heat, t,rcutment in preparation. The catalyst, 
may be present, as a compound of copper with molyb- 
rlcnum or vanadium, or as a mixture of copper oxide 
with molybdonum or vanadium oxide. X-ray analy- 
sis has not been helpful because the catalyst is either 
amorphous or, if crystalline, is too finely divitlcd to 
produce a characteristic X-ray scattering pattern. 

Since catalysts have such manifold functions, it is 
difficult to d&ermine from the nature or kind of cata- 
lyst what, reaction or reactions arc occurring in the 
presence of the catalyst. Hence, it, is difficult1 also to 
select a material that, will catalyze the removal of a 
cert,ain toxic gas. In the case of certain acid-base and 
similar reactions, cat,alysis is probably not, involved 
and an impregnant, can be selected on the basis of the 
propc:rl;ies of the toxic gas involved and the reaction 
d&red. 

As a consequence of the factors enumerated in the 
foregoing discussion, a large number of compounds 
were trictl as charcoal impregnsnts and promoters 
for whetlcrites, alone and in various combinations. 
In Table 10, all the malerials tested as impregnants 
for charcoal and Type A whetlcrite are listed with a 
comment indicating the quality of the absorbent 
compared to Typt: A whetlerite. No comment indi- 
cates negligible or nonexist,ent, activity t,owartl SA, 
AC, and CK when tested under conditions stated 
in the table. Tube tests wcrc employed to evaluate 
all exploratory impregnations. Whenever promising 
activity was indicated, further work was carried out 
to test the value of the imprcgnant. 
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Compound 
- -- ,“. 

TART.~: IO. Summary of exploratory impregnations. _-. ---. ,.,, .^ ,-...., .- ,“, .-. _.. 
Rcfcrcnce Comment t I Compound Iteferencc Commentt 

Part, A.* Compoundst and mixtures used as imprcgnants for activated charcoal. 

A&amide; CHaCONHz 
AlCl, 
Ammonia catalyst 
Aniline; C,H,NHz 
NasAsOn 
BaBr~ 

Bccxwax in CJL 
Bccswxx in CCI, 
Hi(NOd~ 
Na Ii08 
NH, Br 
NaBr03 
HBr 
CdC03 
CdCOr + H,Oa 
Cd( NO& 
Cd(NOa)t + Zn(NOs)a 
CdClz, CdBrz, CdI, 
(NHd),CO, 
NHddi 
KC1 
KClO, 
Chloramine T 
IilCrsO~ 
K2Cr20T + AgNOs 

CAg(NH&l&rOn 

CuCrtO? (acid solution) 
CrOs in Type A solution 

CrOy + AgNO, in NH&H 

109 
33 

108 
107 
109 
109 Slight CK activity, 

AR-80 
108 
108 
109 
109 

33 
33 
33 

108 
108 
109 
108 

1: 
33 

108 
33, 108 

33 
48, 50 

109 SA activity, O-50 
and 80-80 

109 Sh activity, O-50 
and 80-,80 

109 SA, O-50; CK O-50 
48 SA, 650; AC and 

CT< &50; 80-80 
48 SA, &50 arid 80.-80 

Cu-Cr-Ni-Ag in NHdOH and 48 Like ASC; good Sh, 
(NJJ&COa AC, and CK (r60, 

and X0-80 
(NJJ&Cr20r 108 
Cr(NOa)a 108 
Cr( NH,),( CpHaOz)a 107 
Cu-Cr-Ag-MO-W-V 40, 41 Like ASC 
CuCl, 33 
Cu(:l~ + 2KCI(K,CuCI,) 33 
Cu( ClO& 33 
Cu(OH), 107 
(:u( NH&( OH)2 107 
Cu( NO& 107, 10s 
Cu(NOr)z + Mn( NO& 109, 107 
C:u(NO& + NH&H + III 108 
CuCN in Ci1- (excess) 109 
CuSOa -I Pez(SOa)y t (NH&Son 108 
Cu( CzH,On)n 107 
Cu( NH&S& 107 
Cu(ethylene diamine)l CO, ’ 107 
Cu( GH,O& + Mn(C*HsO& + 

NH,C:zH,Oz 107 
Cu-Ag-Fe 109 SA and AC activity, 

O-50 and 8cT80 
Cu-Ni-Zn whetlerite (carbon&s) 109 Jike Type A what- 

lcrite 
Fehling’s solution + dextrose 107 
C&l% 33 
Co( NO& 77, 107 CO oxidation 

catalyst 

CoCXh + MnSOd + (NJJ&CO, 108 
Co(NHy)rCOy + Cd(NH,),COa 108 
CoCOa + NJJ,OII $ NHdNOa 108 
cocoa + JJ,On 77, 10X 

cocoa f ZnCO* 108 
Co-Ni-Cd (xmmine carbonates) 10X 
pi+;Cd-Zn (nmmine carbonates) 108 

107, 109 
Formamide 109 
Au& 108 

IJydrazine sulfate 109 
Hydroxylaminc hydrochloride 109 
HtS f ZnClr 109 
HI03 33, 107, 108 

NRJOa 33 
KIO, 33, 108 
KI (Acl) 108 

KI + L (Aq) 108 
NH,1 + NnOH + NxSCN 108 
Pb( CzHnOa)r 108, 109 
LiNOa 108 
LiCI 108 
Mg( CnTJ,O& f Cu(NH& 1 

(CnJJ,O,)z + NJIGJI,O~ 107 
MnS04 + CoCOa + (NJJn),CO, 108 

CO odixntinn 
&alyst 

812 activity, O-50 
and SO-80 

SA activity, 030 
and 8&8o 

SA activity, O-50, 
80.““80 

KMnO4 
HgI% in CtHsOH 

Hgl, + KI 

HgClz 

HgBrl + NH&r 

vi( NH&CO, 

NiCOA, saturated 
\JiNOa + JJ,On 
vi-Cu-Ag-Cr 
KNOt 
NaNOa 
Ag( NH&NO1 

JJNO, + (NJJ&JJPOd 
K20sBr6 + Type A solution 
0~0~ + Type A solution 
0~0~ + Type A solution 
(NH&SnOs 

108 
108 SA nctivitv, 650 

and S&Xii 
33, 108 SA activity, &50 

and 8&80 
33 SA nct,ivity, O-50 

and SO-80 
33 SA activity, O-50 

and 8&80 
107 Like Type A 

whetlerite 
108 
108 

48 Liko ASC whctlcrit,e 
109 CK activity, O-60 
109 CK activity, O-50 
109 SAsctivity,O,-50xnd 

8680 
109 

3 
3 
3 

109 
(NH&S& + Type AS solution 109 
ITIP 109 
JJ,POa + Fe& 109 
NxzHl’O, + AgNOa 109 SA activity, 650, 

X&80, CK, O-50 
(NJJ,),JJPOI + TJNOa 109 
[Ag(NH&ld=‘01 IO!1 SAactivity, 650 and 

AgNO, 3, 104, 108, 109 SA activity, O-50, 
8wlo~ 
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‘L’ARLE 10 (cwd’k’Ur:r/) ~_^ ,... .- 
( :nmpound Reference (hninent t I Componncl Rrfcrcnce Commerltff ,-. .- .---- 

Thioecetamide 
Thiosemi~trbHaidF: 
Xn&Oa; AgNOa L)oublc 

NaSCN t- 12 + RI + NnOII 
hg( NH:<), SCN 

[Ag(NHd,I,WOn 

NH,VOa + Type AS eohkion 

109 
IO!) (XC rtctivitv. O-50 
IO9 SAactivit<, b-50 rtrrd 

8wa 
108 
I08 
lo!> SA nctivity,O-SOand 

SO-HO 
108 
a3 

109 Sh activity, 0 --50 and 
X&&O 

40, 109 Slight, Yh, A(:, and 
CK activity, O-50 

Ag(NH,),VO:< I09 

!&(NH,),C:Or 41, 108, LO!) 
ZnC:Os + COCOS iv cxccss N&OH 108 
Zn hnlidw 33 
Zn($ + IT18 (two step) JO9 
Zn( NO,)2 I09 
ZI~(NO~)~ +- AgNO, (acid) 109 

Zn( NTT,),SO, 109 
Zn804 + M&O, 10s 
Zn(NH,),C:O., + AgNOa + MoOx 109 

in excess NH&H and 
(NH,),C:Or 

Zn-Cd-Ni (armnnnin,cnl cnrbonute I OH 

SA activity, O-50 
:tnd 8W80 

A(: activity, O-50 

SAactivity, 0-50 rmrl 
80-W 

SA and AC: n,ctivity, 
O-50 and 8&80, 
Cli activity, O-50 

- 
and 80 --so solution j 

Part 13. Cnmpounds used in secondnr ~-I .- 
AUNOdr 3 
hUNO.sln + N&H 3 

r 
I _,. 

KilHtSbs07 3 
KJLAsO~ + TC’aOH 3 
h( NO,), 3 
Bx(NO& + NnOH 3 
Bi( NO& + N&NO2 3 
Hi(NOa)a + 5*i’, TTNOa 3 
K&O~ 3 
CdCOs 3 
Od( NO& a 
Ca( NO& + NH,NC), 3 
Ca( NO& + NxOH ?I 
Cc( NO& 3,107 
(Je( NOa) f N HINO, 3 
Cr’%OS a 
Cl-08 107 
TC,CI$Ol + NnOH 3 
mzoa 3 
Co( NO& 3 
C:u(crlTaOn)n 3 

AuCls 3 SA activity, CT50 xnd 
S&SO 

Fc(NO& 3 
Pb( NO,), 3 
Pb(NO:,)n + NTT,NOa 3 
T,iNOz 3 
MR(NO& 3 .-.-. ~.. I .~ 

* ~:umpounrls nrc lint,od alp1~tbeticsll.y wit,h wiped In clmvmt being invr 

imprcgnxtion of Type A uThctlerites 
Mg(NO& + NaOlT 3 
MnUOzr a 
Mn( N&)2 3 
ITg( NO& 3, 32 
M&r 3, 40, 41 
MoOs + NaOH 3 
KMnOd 3 
Ni CO3 2Ni(OtT)r 3 
Ni( NOn), 3 
N HK,NOa 3 Ir~qm~cs MA O--“50 
OS04 3 
AgNO:, 3, 107 SA activity, O-50nnd 

so-so 
Sr( NO,), 3 
Sr(NO& + KnOTT a 
NaHC:N 3 SA-dry 

AC, CK 0 -50, trnd 
M-i?0 

Nt~HnO!, 3 
TWO& 3 
NapWOr 3 
[A&NH,)& WOn 109 8A O-50, 8(r80 CK 

O-50 
IJOnWOdz 3 
LJOp(NO,), + NILNOr 3 
NH,VOy 3 
NH,VO:, + ZjH,NO:i 3 

&n t,c:cL 
_. _~... ~.. 

4.X.5 Charcoal Inipregnant~ for llle 
Absorption of CK 

2CNC:l + ITsO -.--it 2C:NW + 2Tl+ + 2C1- 
CNCI + NHa -+ N(.;N& + H’ + C:l- 

3. <>I< reacts rcwlily with aniline, lles:lrncthylerrc:- 
Clues to nw CE; al,sorbcnts resulted from an es- tetmmiq :tncl othrr amines. 

sminittion of the properties and reactions of Cl<. 4. IUnrry wbstancc:s contairrirlg sulfur we eithc:r 
The work &owed that: w 3” oxidized hy or form addition compounds with CK. 

1. CJC has nn oxidation potential similar to that, 5. Polymeriz~,tion of CK is ctttalystd hy many 
of oxygen. substancw, such as Clz and tLeids. 

2. CK rwcls with water and ammoni:~ thus: G, Phnnol-formddehyde resins impregnated with 
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tet~raetl~yler~epc~r~taminc~ had better CK lives than 
whntleritc?. 

7. CX rcacks mosl readily with compounds con- 
taining nilrogen or sulfur with free cloctron pairs. 

8. Hopcalite oxidizes CK at tomporatures above 
40 c. 

9. The CK life of Type: A whctlerite increases with 
increast: in t,crnperuturcs. 

IO. The Cl< life of unimpregnatetl ac:t,ivatctl char- 
coal dccrcasoswith increase in tcmporaturcs. Thisfact, 
together with item No. 9, shows that, Type A whet- 
lnritc either reacts with or catalyzes a reaction of CK. 
The CK activity of Type A whetlerite is very low at 
room temperature. 

11. CK containing radioactive carbon exhibilcd 
radioactivity in the emuent gases aflrcr absorption by 
Type A whetlerite. 

12. Approximate free energy calculations show 
that for the reaction, 

CNCl + 2H# = Cl- + 4H+ + CO, + ;N, 
+ 36, R0 = -0.7 v. 

Therefore, oxidizing agents should be c::q)ablc of 
oxidizing CK. 

13. Mixuturos of t,hc oxides of Cu, Mn, Ni, V, and 
MO in various combinations promoted thr: tL:st,ruc- 
tion of CK by activated charcoal. 

The: work on the use of m&allic oxides led to the 
dcvclopmcnt of Typcx ASM, ASV, and ASC whet- 
1crit)c:s. In early cxpcrimcnts, charcoal impregnalotl 
simnllaneously with Cu, Mn, Ni, and V and heat- 
treated in a manner that was dcsignod to convert the 
impregnants to oxides prodrlced :I good CK ahsorb- 
ent. Jlater work J1 showed that a ‘l’ypn A or AB solu- 
tion in which vanadate, molybtlato, tungstate, or 
chromate is dissolved, products an excellent, impreg- 
nant. Molybdenum, vanadium, or i;ungstc!n in com- 
bination with Typo A solution as an impregnant, re- 
quires a liigli-ternpcratur(! heat, treatment, (300 to 
350 C) either in a vacuum or in t,he absence of at- 
mospheric oxygen, to produce a satisfactory absorb- 
ent. On the contrary, chromium recluires a low- 
temperature heat treatment (150 to 180 C) in a 
system that is swept out continuously by an air 
stream. The early experiment,s with molybdenum 
and vanadium did not product an absorbent will1 
satisfactory activity under humid conditions. This 
is now attributed to the type of activated charcoal 
cmployetl, since present charcoals c&11 be impreg- 
nated with these metals to produce an absorbent 
satisfact,ory both dry and humidified. 

4.3.6 Charcoal Imppants for the 
Absorption of SA 

As indiculctl by research performed during World 
War I, silver has proved to be Ihc best SA catalyst 
investigat,otl. 4, 7--O* lo4 American work has favored 
copper-silver combinations, whilo British practice 
has been Lo ~HC a straight silver impregnant applied 
either by impregnation or spraying, keeping the 
charcoal humidified to maintain a satisfactory CG 
protection. Silver is easily incorporxtcd with charcoal 
or whetlerite, is not subject, to deteriorat,ion in stor- 
age, and only a small amount is required for optimum 
protection. In addition it does not interfcrc: apprc- 
ciably with the original desirable prop&es of the 
charcoal or whct,lcrite to which it is arltl~?d. 

The other effcotive SA reactants found were gold 
chloride, mercuric halides, potassium iodide or iodine 
in pot,assium iodide, ammonium iodide, ard iotlic: 
acid. None of these had all t,he desirable propcrt,ic:s 
exhibited by silver. 

INIPHWNATION BY MICIWLJI~Y 

A study was made of mercury,“” h:dogm, ant1 
halogen salt impregnut~ion. Mercury, as the: bromitlc 
or chloride, can be added casi1.y to whetleritcs as a 
secom1ar.y impregnant and absorbents with good 
SA 80-80 protection are produced. JIowever, the 
hazard of mercury poisoning from mercury vapor 
contained in the effluent air stream is too great to 
permit its USC. The: concentration of mercury in the 
effluent vuricd from 2.3 to 18.0 X lop4 mg por 1 
when air was pussctl through a 5-cm bctl of the ma- 
terial contxinotl in a tube with a 3 sq cm cross section 
at, ‘a rate of OIW 1 per min. Tn industry, the: incidoncr? 
of chronic mercury poisoning increases rapidly as the 
mercury content of the air &ns above 2 X 10 -4 mg 
per 1.“” 

X-ray evidence indicates that the mercury is pres- 
ent in the charcoal entirely as mt:t,allic mercury. 

Ionrc AC:] 11 IMPREGNATION 

Jodic acid impregnated charcoal also exhibited 
good SA 80-80 activit,y. However, this rnatcrial aged 
butl1.y and had a very low SA 80-80 life uftcr standing 
30 days at room t>cmpc!rature. Iodic acid gave best 
results in a whetlcrito containing copper and nickel 
in the mole ratio 9/ 1. NH41 also showed some SA 
activity but was not t&cd after aging. 
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4.3.7 Impregnations from Solvents other 
than Water 

Results of th.e UHC of nonaq~~eous solvcn ts in im- 
prcgnation 3 were uniformly unpromising. The sam- 
plcn were no bettIer than Type: A whetle&e (regartl- 
ing Sh protection) and usually were poorer. Wit,11 
liquid amtnonia as a solvent, Cu(N(&J2, Mg(N(Q2, 
C:u(CH,C:oOl2, Pb(NOa)2, Zn(NOa)2, IIg(NO,)2, 
CO(NO~)~, Ni(NGJ2 and AgNO, were used as im- 
prcgnants. Only &NO3 y&lcd absorbents with 
good Sh SO-80 lives. 

Impregnations with copper nit,ratc in acetic acid 
and copper acet>yl ncetonaLe in chloroform gave lair 
SA 80-80 lives. Nickel carbonyl in benzene gave: poor 
SA lives. 

4.3.~ Impregnations from the Vapor Phase 

Tmpregnst,ions from the vapor phase were also un- 
suc~:c:ssful. The following suhslances wcrc added to 
ch:trcoal in the prceence of a hydrogen strcsm at 
I to 2 mm pressure:: Te, Zn, Cd, As, Sb, Pb, ME, Se, 
and FeC& and these were put on i’r~ vucuo: BiC13, 
Ni(CO)+‘“” nickel dimethylglyoximr:, SnU, 0sO+ 
Zn, Se, HgCl,, copper nc:ct,yl acetonate, Te%, and 
TiC&. Only TIgC12 and To02 showc~l any HA activity. 
Hot11 were much less t:ff&ive than Type A whet- 
lcrile. 

4, .I< MOLYBDENUM AND VANADIIJM 
1MPKEC;NATlI)N 

4.4.1 IntroducLion 

The dcvclopmcnt of copper-silver-molybdenum 
[ASM] and copper-silver-vanadium [ALSVJ impreg- 
nations for activated charcoal was initiated by the 
discovery that thr: CK activity of charcoal could be 
increased by the use of ~c!rt,ain metallic oxitlcs as im- 
pregnants.30 The first, of this type of nbsorbent, was 
prepared by impregnation of clrarcoal with solutions 
of the nitrat,cs of metals such as Cu, Ni, and Mn, or 
Co, Ni, and Mn, to&her with small amounts of V, 
Cr, Hg, or PC. The impregnated charcoal was heated 
at 400 C in a vaculun or in the absence of oxygen to 
decomposr! the nitrates to oxides. 

Thus prepared, many metal oxides incrcuse the 
absorption of CX by charcoal at elevated tcmpera- 
turns, but only those mentioned in the prc:r:eding 
paragraph are effective at 25 C. Further experiments 

showed that combinations of copper and molyb- 
clcnum or copper and vanadium mera the best im- 
pregnantIs (excepting RSC) and that the other metals 
were of questionable value for the removal of CX. 
The combination of r:opper airtl tungsten also has 
some C:K activity when used as an impregnant, but 
has not been developed because it is det:ltledly in- 
ferior t,o copper and molybdc:nutn or vanadium. 

The use of nitrates as imprcgnants was avoided by 
the addition of molybdenum, vanadium, or tungsten 
to a Type AS solution as molyl)dute, vanntlate, or 
tungsten, respectively. Theso rnuterials are readily 
soluble in Type AS solution. The resulting imprc?g- 
natcd charcoal rclains its SA and ClC protection as 
in the Type AS whetlerite hut has in addition much 
superior CK and AC prot,ccLion. 

The original samples prepared by imprqnation 
with nitraLtc: solution of Cu, Ni, Mn, and V, or with 
Type AS tiolution cont,aining molybdat,e had poor 
Cl< 80-80 prot,cction. This has been since attributed 
t,o the type of aharcoal u#cd in the preparation of the 
samples. In certain zinc: chloride aclivatetl, extrudctl 
charcoals of the type: used in early experiments, the 
pore size distribution was unfavorable to CIT pro- 
t&ion. Any charcoal now available, which is othc:r- 
wise accoptuble as gas mask charcoal, can be made 
into a tiutisfactory Type ASM mhetlr:rite (as the 
coppc!r-silver-mcilyl~denum impregnated charcoal is 
clesignatjcd). 

4, .a 2 .Effect of Temperature of Heat 
Treatment 

The cffcct of variation in heat trr!:rtrnent, tcmper- 
ature on tube test, lives of Type ASM, whetlcrite is 
shown in Table 1 IA. This table brings out, clearly 
the: variations callsed by t,he diffcrcnces in the base 
charcoals used. 

Vanadium impregnations resulted in poor ubsorb- 
cnt,s under similar conditions of heat trc:aLment. SA 
and AC lives were equivalent, to those of the molyb- 
denum-impregnated absorbents but, the CK 80-80 
lives were poorer. Tungstr?n absorbents were FLill less 
satisfact,ory than vanadium absorbents in this rc- 
spect. 

Zinc: can bc used in pluae of copper in the ASM im- 
prognation. The C1-C lives of such ubsorbonts arc con- 
siderably lower, however, than those of the copper 
containing materials. Some: typical results are shown 
in Table 11. 

The use of zinc in place of copper results in rather 
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I-Lent _ Tube test, lives, rnin .- -- . ..- 
t,rc~~t,tw!rlt, 

t,emp (j s.4 AC CK 
Chsrconl A 1L-50 Xtb80 Ali-50 80-80 AR.-50 80 -80 .-- ,. 

~“-‘- PCX-P58 150 l(i3 I 54 89 93 X8 19 
PCSF5X 400 187 21!) 50 00 135 8 -- “. 

poor performance on all tcst,s, altJhough t,hc: 8,4 and 
AC lives are high enough to hc useful. ‘1‘11~ C IC lifa, 
however, is very shorl. 

A mixed impregnat,ion of aativatod cht~rcoal was 
matlc wit,h >L solution containing 8% copper, I (x, silvc:] 
ni I,PI t (b L / ‘) :~ultl o.og-;, c:ach of molybdenum, chromium, 
vanadilm1, ant1 tungsten in the form of molyt&t,c!, 
c:lllwrll:rt~c:, VH11L&t~(:, and tungstate, rc:spc?c:t,ivc!ly. 
The rcsrdt ing abnorbcnt when heated at lli0 C: had 

lives of’ t,he lligh-t,omperatlxre sumplc are quite long. 
The mixture of oxides of MO, <Jr, V, and Ni acts as 
a good SA catalyst, in the presence of silver and cop- 
per. However, this mixt,ure is not so oficient a cata- 
lysl; for CIi as is an eqriivalcnt, amount of molyb- 
denum in the! presence of copper. Vanadium and 
tungsten arc very easily poisonotl by moistjure untlor 
some conditions of preparation. 

approximalcl~y t,llc absorptive properties lo 1~ cx- 
petted of a sample containing only chromium, xilvcl 

4.4.X Effect of Organic Acids 

nitrak, and c:oppc:r. The CT.< SO-80 proter:t,ion after An investigation of the variables involved in t,he 
heating at, 400 CJ in a manner designed tjo sctivat,e preparation of Type ASM whetlerikc 42 showed that 
the molyl~dcn~un, vanadium, and tungst cn was the addition of some organic acids to the imprcgnnt- 
negligible. The rcsult,s are shown in Table 12. ing solution rosulted in a superior whct,lcrito. Thn 

It is evident tjhat, the Sh 80-80 and CX AR-60 series of organic acids used is shown in Table ~3. 
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TABLE 13. Effect of the addition of organic acids to 
ASM impregnating solutions.* ~.. _~-. 

Acid added Tube test life, CK 81r80, min 

NOW 44 
Adipic 51 
Fumaric 62 
Maleic 70 
I-Malic 51 
Succinic 59 
Tartaric 81 
Citric 59 
Formic 47 
Glycolic ox 
Phcnylacetic 29 
Salicylic 50 
Sebacic 32 

_,. --... ..- 
* Solut,iun uompnsitior~: 10% Cu, l,5.8’70 NH+ 10% COt. 2% MO. nd 

5yo organir, nrid. Iloat, t,reatmed: 130 C f or 45 min followed Ly 315 C 
for 3s hourx. No air present duriw high trmpwnture trealmenl. 

Almost, every organic acid umd resulted in an in- 
crcascd CK life. Tartaric: acid was definitely superior 
to the others since it, had approximately double the 
UC protection of ASM whetlerite without, added 
acid. The solution containing tartaric acid is dcsig- 
natcd as ASMT imprcgnuting solution and hcrcaftcr 
is referred to as such. 

4.4.4 Optimum Concentrations of Com- 
ponents of ASMT Impregnating Solution 

A study of A&MT impregnation revealed the fol- 
lowing information : 

1. CIC life is practically independent of the copper 
concentration in the impregnating solution above 
7.5 g of copper per 100 ml of solution. The data are 
inconclusive at lower copper conoc!nt,rat~ions. The 
opt,irnum concentration is approximat,cly 10 (vti copper 
( 12.5 g of coppar per 100 ml of solution). 

2. A concentration of approximat,cly 5 g of molyb- 
denum per 100 cc of solution (3.9 $&) is the optimum. 
Satisfactory CK results have been obtained botwcen 
3 and ci g per 100 cc. 

3. The optimum tartaric acid concentration is 
approximately K2(70 (8 g per 100 ml of solution) for 
a solution containing 3.9 ryO of molyhdonum. For 
lowor molybdenum contents a lowcrcd tartaric acid 
content is advisable. Increase in tartaric acid con- 
cent,ration is accompanied by a decrease in AC life. 

4. The optimum ammonia cont,cnt is approxi- 
mat,cly 10(x, (13.3 g of NH3 per 100 ml of solution). 
,4 large excess of ammonia tends to decrease CK life. 

5. The optimum carbon dioxide content is ap- 

proximately 9cs. For maximum CK srld AC lives, 
the CO, content should be kept at a low 1~~1. 

(i. The optimum silver content is 0. 18y0 (0.35 g 
of AgNOa per 100 ml of solution). Apparently quanti- 
ties of this magnitude shorn no effect on CK or AC 
lives. 

The optimum concentrations arc summarized in 
Table 1.4. 

TARTX 14. Optimum concentrations of constituents in 
A8MT impregnating solution. 

-- 
K of constituent ‘% t>Y 

per 100 ml of weight of 
Constihent Added as fiolution constituent 

M” (NH&M& 5.0 3.9 Mo 
CU CuC:O~~Cu(OJI)~ 12.5 9.7 cu 
Tartaric acid Tarbrio acid 8.0 6.2 T.A. 
-k AgNOa 0.35 0.2 AK 
CO2 (NH&COx. II,0 5. 

ad~OX~ CU(OTT)P i I 
5,; total co2 9.2 co2 

N I-L NTLOH 8.0 10.3 NH:r 
(NH&CO:, 1120 4.1 
(N R&Mn04 1.2 

SpeciEc gravity = 1.28 g per 1111 at, 25 C. 

One liter of solution is prepared as follows: 
(NH&M& (54% MO) 93 g 
(NHJ &O,. Hz0 1% g 
NH&H, 28 % solution 320 ml 
CuCOa+Cu(OH)~ (55% Cu) 255 g 
Tartaric acid 80 g 
AgNO, 3.5 g 

Half the molybdate is dissolved in wat,(:r, half 
in NH&I-I. Powderatl (NH,) &J& .I120 is adtlcd to 
the aqueous molybdate solution and stirred unt,il 
completely dissolved. The ammoniacal molybdate 
solution is then added and if any undissolved mR- 
terials arc present the stirring is continued until solu- 
tion is complele. Then the basic copper carbonate is 
added and dissolved, This is followed by the tnrtaric 
acid and finally 35 ml of a 10% AgNO3 sol&on. The 
resulting solution is diluted to 1 liter. 

4.4.5 Laboratory Preparation of ASMT 
Whetlerite 42 

Impregnation and draining in the usual manner 
arc satisfactory for ASMT. If oven-drying is cm- 
ployed, a two-step process is best. This consists of a 
preliminary tray-drying at 135 C for G hours, fol- 
lowed by a final drying in loosely stoppcred Erlen- 
meyer flasks for a short time at 300 to 305 C. The 
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second drying can be discontinued as soon as the 
charcoal reaches 300 to 305 C. The materials sho~~ld 
be removed from the oven and allowed to cool in the 
flasks without free exposure to air. 

Wetting the charcoal bctjwcc:n preliminary and 
final drying lowc:rc:d the: AC and CK lives appre- 
ciably. Passage of ammonia through the sample a.t, 
this stage had no effect on Lhe CK and AC lives. This 

TABLE 15. Comparison of ASMT samples prcp~cd in 
rotary and &tic oven driew. 

Maximum Tube test lives, min 
Method of dryinK tcmp C CR F&80 AC O-50 

Oven dried, 2 step 303 105 5!> 
I‘ ‘L ‘L 303 107 50 
“ “ ‘I ma 90 42 

Rotary drier, 1 step 320 126 48 
I‘ ‘I 1‘ 320 119 69 
‘1 “ “ 382 II8 47 

indicates thel kh(: removal of CX’CCSB water is desirable 
before high tcmporaturcs are roached, and removal of 
ammonia is not important for development of CT< 
and AC protect;ion. A study prcviounly rncntioncd 
has shown that as a whetlerite dries at 150 tlcgrc?c?~, 
ammonia, carbon dioxide, and water arc rcmovcd in 
that order. 

The procedure for drying ASMT whetlerites in 
rotary driers 43 differs in that the impregnated char- 
coal is hcatcd as rapidly as possible to the maximum 
tcmpcrature and allowed to cool in the oven to a 
tempcruturc low enough to preclude combustion 
when the sample is exposed to air. This proccdurc 

products samples as good as and in somo cases better 
than multistep procedures. Reprcsontative results 
of this type of drying procedure comparcd to ovcn- 
drying are shown in Table 15. 

Rotary driers, w%cn available, are to be preferred 
since samples can bc protluacd faster and more con- 
veniently, and also arc of higher quality with respect 
to CT< life. 

The flow of various gases through the rotary drier 
while drying ASMT whetleritea had measurable 
effects. Results of the cxpcriments are shown in 
Table 16. 

Use of gas flow through the drier in general pro- 
duccd a sample with lower CK protection than sarn- 
plos dried with no gas flow. Water vapor was the only 
gas passed through the drier which produced a tram- 
plc with approximately the same CK protection as 
no-flow samples. The t,ype of gas used in the pro- 
duction of the whetlcritc rnuy be classified with re- 
spect to decreasing CK protection of the product as 
no flow, water vapor, nkrogen, carbon dioxide, car- 
bon monoxide, and air. This order, after water vapor, 
is not conclusive. Absence of gas flow is clearly su- 
perior, with regard to the CK protection of the sam- 
ple produced, to flow of any gas with the possible 
exception of steam. 

On the other hand, AC protection is dcprcsscd to 
the grcatcst extent by materials such as CO and 
water vapor and is least affected by air flow. Thcrc 
may bc a correlation between oxidizing power of the 
gas used in drying and the AC protection of the whet- 
lerite. Water vapor and hot carbon would produce 

TABLE 16. hXect, of grzs flow during drying on the quality of ASMT whetlcritc. 

Chs used 

.-.- 
Ail 
Ail 
Air 
Air 
Air 
N2 
N2 
N2 
CO2 

g$ 
co* 
None 
None 
None 

. 

Linear 
flow rstc 
cm/min 

1B 
16 
55 

3 
3 

32 
32 
32 
48 
48 
It: 
1B 
. . 
. . 
. . 

Max trmp of Time to 
whctlerite reach 300 c: 

c: min 

310 155 
309 33 
319 30 
300 3s 
334 34 
303 90 
301 35 
304 35 
307 98 
327 33 
310 45 
321 !@I 
320 95 
320 50 
332 33 

‘amp at whicl 
flow was 

stopped, C 
-._.I_,- 

127 
130 
143 

Continuous 
Corltirluouti 

154 
158 

Continuous 
Crrntirluous- 
Continuous 

310 
Contir~uous 
Cont,inuous 
Continuous 
Corkinuoufi 

-,._--- 

l- 
Tulnc test lives, rriin 

CIC 
so-so 

107 
x9 
98 
XG 
93 

:; 
95 
83 
95 
80 

106 
126 
119 
118 

AC 
O-50 

65 
57 
55 
48 
44 

:: 
36 
36 

as 
24 
48 
59 
47 

* Prehntad to 3.50 c. 
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TABLE 17. Aging of NC, ASM and ASMT, whetleritcs, absorbents are stored in open trays at high relative 
se&d and cql~iliked. humidity and high temperature. .- ..- 

B:tse 
Ch:tfYXd Type 

-.- 
PC1 1042 AH: 
PCI 1042 ASC 
PCT 1042 ASC 
PC1 1042 ASC 
PC1 1042 ASC 
IV1 1042 ASC 

PCT 343 ASC 
PC1 343 ASC 
PC1 343 ASC 
PCT 343 ASC 
PCT 343 ASC 
PC1 343 MC: 

-.- 
PC1 343 ASM 
PC:1 343 ASM 
PC1 343 ASM 
PC1 343 ASM 
PCT 343 ASM 
-~-- 
PCT 343 ASMT 
PC1 343 Tarkic 

acid adder 
PCT 343 ASMT 
PCT 343 ASMT 

- 

_- 

1 

L. d .-c 

Aging conditions 
-. ..- 

Tamp C Time 
~.. _- 

Freshly equilibrated 
4’ 
;i; 

13 hr 
2 days 

60 8 days 
25 I6 dnys 
25 26 dnys 

- 
Fretihly equilibrated 

85 6 111 
DO I dny 
60 3 daya 
60 4 days 
60 8 days 

-- ., -- 
F’rcxhly equilibrated 

80 t dny 
DO 2 dnys 
60 4 days 
60 12 days 

.- 
I’reshly cquilibmted 

Tube trlst 
livel, rnir~ 
Cl< 8GXO 

~..- 
73 

9 
IL 

8 
40 
14 

~.._ .“- 
122 

11 
70 
38 
14 
. . 

71 
39 
55 
58 
39 

91 

85 
85 
60 

-- 

2 tlnys 78 
9 days 81 
7 dayf; 84 

Under the conditions of aging shown in Tablo 18, 
ihc CII lives of t,hc! materials are almost idcntioal 
aft,er 24 days of aging, although a higher initial lift 
was characteristic of the ,4SMT materials. Onr: 
ASMT material, prepared in an atmosphere of water 
vapor, retained its life at a high level all through t,hc 
aging period. This effect may be worthy of more in- 
vestigation. 

It, is probable that aging in contact, with an excess 
of air more nearly approaches field conditions than 
sealed aging since diurnal temperature variation, 
body movemt:r& and occasional wearing of the mask 
cause some fresh air to enter the canister periodically. 

AC lives of ASMT are usually improved by equi- 
libration at, 80 % RII. Cyanogon is never observed in 
the effluent gases when AC is absorbed by ASMT as 
it is when a Type A or ,4S whetlcrite is used. Eoth 
AC and CK arc irreversibly absorbed by ASMT 
whetlerite indicating a chemical change following 
adsorption rather than physical absorption as the 
major factor in the functioning of the whctlcrite. 

carbon monoxitlc, thus explaining why carbon rnon- 
Tnnr,~ I!?. Currrp:~rison of ASC arid ASMT aged in 

oxide and water vapor have t,he Hame effect, on AC 
open trnys in air ati 110 F rind 80 per cent RTT. 

-~ .---- - . A  

protection. It, appeirs thal reducing conditions favor 
high CIC protection and low AC protection, and oxi- 
diaing condit,ions favor the reverse. High tempcra- 
tures favor high CK lives and low AC lives. The 
opt,imum tcmperaturc is 310 to 320 C. A cornpromise 
had to be made bc!Lween CK life and AC life and a 
temperature was chosen to give satisfactory pro- 
tection for both toxic: agents. 

1,.4.6 Aging Characteristics of ASMT 
and ASC Whctlerites 

ASMT whetlerite has excellent aging qualities 
when stored equilibraled in sealed containers. Under 
these conditions ASC whctlcrite deteriorates vory 
rapidly. On the other hand, ASMT whetleritcs de- 
teriorate in opcrl containers as much as do AS0 whet- 
lerites. Both retrain a satisfactory protection under 
these conditions for a relatively long time. 

Comparisons of the aging rates of ASC and ASMT 
are found in Tables I7 and 18. B’rorn these data it is 
evident that ASMT is superior when tutored moist in 
closed containers. The use of tartaric acid with ASM 
solution enhanced the aging propertics of ASM whet- 
leritc. This difference disappears, however, when the 

TGLW Type nf Origin 
charcoal whetkrite life 

. ..~ 
PCT 1042 
nc3 
PC1 1042 
PCT 1042 
PCT 343 
PC1 343 
PC1 343 
PC1 343 
-,-- 

._... -- 
ASC 
AN: 
ASC 
ASC 

AYMT 
ASMT 
ASMT 
ASMT 

101 

;: 
88 
93 

IO1 
114 
131 

al CK 81t80 Tube teHt lives 
-- ~,... 

Aged 19 dnj rs Aged 24 days 

55 42 
28 29 
68 64 
6!) 69 
44 64 
54 6X 
96 62 

143 125 

Pilot Plant Experiments 

A pilot scale preparation of AXMT whctlerite was 
attempted in the pilot plant at Northwestern IJni- 
versity,44 which had been used in the developmant of 
the plant scale production of ASC whetlerite. 

The: purpose of the investigation was to determine 
whether cxixting plant equipment could be used in 
the production of ASMT whotlerite without major 
changes in design. The rotary drier had been designed 
for tht: preparation of ma&al requiring high air 
flow and relatively low temperature (150 C). ASMT 
production required rapid heating to relatively high 
temperatures and no air flow. In fact a Icsk-tight 
system is desirable. The ASMT produced was in- 
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ferior by far to &oratory produced samples. A com- 
parison of t,hc ASMT and ASC whetlerites produced 
in the pilot, plant is shown in Table 19. 

TABLE 19. A cornpariaon of ASC and ASMT whetleritetj 
produced in the Northwcxtcrn University whetlerkt- 
tion pilot plnnt. 

Base chnrcoxl 

PCX-Drum Lj 
PCI-Drum NB 
PWDrurr~ NM 
PCI-Drum NN 
National Drum NI 
National Drum S 

In general, the ASMT whetlcritcs protlucotl had 
an initial CK life about Iwo-thirds ax great, as those 
obtained by ASC impregnation of Ike same bas;c: 
charcoal. Dry AC tube lives of the ASMT whetler- 
ites were about three-quarters as great as the corrc- 
sponding ASC materials, and seemed to be relatively 
indopendent of drying conditions. There seemed to 
lx: no correlation between CX and AC lives. 

The quality of the ASMT was markedly affected 
by the retention time in t,he drier. Best results were 
obtainc:d by a very rapid passage through the drier. 
The optimum cliargc tcmpcrat,ure was approximately 
500 F (260 C), although this was not, a critical factor. 

In order to obtain a sat;isfnct,ory product, and to 
facilit,ate temperature cont,rol, it, was noncssary to 
exclude rigorously all air from the? tlricr. Lcakagc! 
occurred in some runs causing a sudden rapid rixc in 
temperature. This was attribuled to ignition of the: 
charge although there was little evidence of burning. 

Unless predrying or backfeeding was employed, 
the: wet, feed stock caused caking near the inlet and 
made cleaning ncccssary after about 40 hours of op- 
eration. This situation was not, cncountcrcd fro- 
quently in the processing of ASC whctlcritc. Mixing 
previously dried product with the fcc:tl stock (re- 
ferred to as backfeeding) was a satisfactory mr:thod 
for the prevention of caking. It is not clear whcthcr 
such practice is harmful to the quality of the produc:t. 
l3ackfeeding is practiced in some ilSC \YIICt,lCriB~~ttiOrl 
plants and apparenlly has no harmful cffccl if a 
fairly high quality mat~erial is used as buckfccd. As 
far as is known the result is equivalent to a mechan- 
ical mixing of the backfeed and product after proc- 
essing. 

For reasons not, clearly defined at, present, some 
National Carbon Company zinc chloride activat8ed 
charcoals which were suitable for RSC production 
proved to bc unsuitJecl for conversion to ASMT whet- 
lerites. A very inferior product rosulteti from all such 
attempts in tht? pilot, drier. 

It was concluded that the adaptation of existing 
plants to ASMT production would involve a major 
change in equipment, in order to exclude air and allow 
very rapid healing ant1 short, retention time. These 
changes were considcrctl not expedient]. 

4.4,~ Simultaneous Impregnakm with 
Molybdenum and Chromium 

In an effort to combine the advantages of ASC and 
ASM whcllcritc!s in one absorbent, a study of ASCM 
impregnation was made. 45 It was found to offer no 
ndvantagcs over ASC or ASMT, since preparation 
at, high temperature resulted in a mat&al having t,hc 
properties of ASMT whotlerite, and preparation at 
low temperatures resultctl in an absorbent similar to 
ASC whetlerite. A sccontlary impregnation of ASMT 
whctlerite with (NH,)&rOb and heat treating at 
150 C produced a material with very large initial 
CK 80-80 protection, but it had the same aging prop- 
crtics as RSC. Since the preparative procedure was 
moor: complicated than that of ASC:, it was not con- 
sidcrctl worthy of furt#her investigation. The study 
was abandonctl when it became clcur that, the mixed 
impregnation had no outstanding advantugos. 

4t.4.9 Impregnations with Vanadium 

The devt:lopmc:nt, of ASV and ASVT whotl(>ritc!s 
was similar to that of ASMT whetlerite. The efficacy 
of vanadium in comt~ination with copper as a char- 
coal impregnant cup&h! of enhancing the Cl< ub- 
sorption of the charcoal was discovered at the same 
time that the propetties of molyl~tl~mum as an im- 
pregnant wcrc discovered. The preparation of the 
vanadium absorbent 4R closely resembles that, of the 
molybdenum absorbent. 

4.4.10 Impregna Ling Solution 

Tlio initial CK 80-80 protection of copper-silver- 
vanadium impregnated r:harcoal (or Type ASV whet- 
lcrite, as it is designated) its grc:atly increased by addi- 
tion of tartaric acid to t,hc: impregnating solution, 
just as in the case of the ASM whetlerite. The opti- 
mum conaontrations of the components of the im- 
prcgnating solution are found in Table 20. 
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T~nr.m 20. Optimum concentlntions of components of the impregnating snlution. 
.---. .---. .-._ -- .~. -..- -... -~.. .~.~_.. .-. 

Amount of compound GrnIaa of constituent 96 cjf constituent 
C0111pou11d fur I lit,cr per 100 ml of solutiort by weight 

NILVO, ” 
.~... -- -- --“I . 

82 g 3.6 v 2.9 v -^“, 
C:uCOs Cu(OH), 225 g 12.5 Cl1 10.0 cu 
N HJJTT (2X$& aqueous solution) 320 ml 13.3 NT-13 10.6 NH, 
(NIT&CO,. HI0 130 g 11.0 co, 8.8 co, 
TWn,ric ttcid HO K 8.0 T.A. 6.4 T.A. 
Aan- 3.5 g?# 2.2 Ag 0.18 Ag _.. .~ ,.-~ .~.. II- “_. 

Tbc solution is prepared by mixing the vanadate 
and basic copper carbonale to a paste with a small 
amount of water. Ammonium hydroxide is then 
atltlcd t,o dissolve the paste. To t,his is added am- 
rnonium c*arbonate, 35 ml of a 10CvO solution of silver 
nitrate, and finally the tartaric acid (slowly, to avoid 
loss of CC-),). The solution is tlilulecl to 1 liter with 
water. 

4.4.11 Preparation 01 ASVT Whetlerite 

Impregnation and draining are carried out in the 
usual manner. The drying procedure requires a Iabo- 
rntory r0tar.y drier 43 which can be efficiently sealctl lo 
prevent, air Icakage into the drum. A small exit port, 
is necessary to allow wat,er vapor, ammonia, and 
r:arbon dioxide to escape during drying without allow- 
ing appreciable back diffusion of air. 

The optimum drying temperature is 300 to 350 C, 
alt~hough a satisfaatoqy product can be made at a tem- 
peraturc: as low al; 225 C. 7%: rate of hcat,ing is not a 
critical factor. (.:ood product,8 can be obt#ained by 
either slow or rapid beating rates. Exposure of the 
wlietlcrite to smell amounls of air during drying 
seriously decroasce CK protectJion. The samph? also 
must, be cooled in the absence of air. Use of a stream 
of Nz during cooling produces excellent resultn. 

Hoth CK and AC protnction pass through a maxi- 
mum as tartaric acid content of the ASVT impreg- 
nating solut,ion increancs. The optimum concentra- 
Lion is :y)proximat,c:ly (i ‘;/o tart,Ltric acid. In contrast, 
to ASMT whetlerito, this is intlcpenclentj of vanadium 
content,. 

A f(tw represcntalive tube test results are givr9 in 
Table 21. 

AC prot,ec:t,ion is considerably increased I)y mois- 
ture qllilibration. Cyanogen never occurs in the 
effluent gas stream from this type of absorbent when 
A(.: is absorbctl. Both Cli and AC are adsorbed irre- 
vcrsibly and cannot br: desorbetl. 

The lives &own above are initial lives and arc 
rather high compared to ASMT rasults. Thr material 

TART,F. 2 1. Pcrformnnce of ASVT whctleriteb. 
._.~_ --~ 

Tube test, lives r; 
Treatment, of sample 

Ci SO-80 A(: O-50 
-., ----. -- 

Rotary drier hceted to 250 C: 138 68 - 
Hotary drier hented 1 hr xt, 250 C: 145 58 
Rotary drier heated t,o 300 CJ 148 54 
R.otary drier hcatcd 1 hr nt 300 C: 157 47 
Rotary drier hcatcd rapidly to 300 CJ 152 52 
Rotary drier heated to 300 C 15!) 40 
Oven dried 3% hr in flask at 300 C 100 42 _ _ 

* ,5-r1n Led tleplh: Flow rute 5(10 cm Iwr min; 2.5 my CT< Iwr liter. 

is approximately as stable as ASMT when stored 
c:rIuilibrated in sealed containers. It is lcs~ stable, 
however, when stored in open or semi-open contain- 
ers such as might be cnaountered in a canister under 
field conditions. Some aging result,s are shown in 
Table 22. 

TABLE 22. AKing of equilihre,ted Type ASVT whctlerite 
under vnrioua conditinns. 

---- -. .~ 
AKinK conditions I Tube test life 

-. - 
Tcmp C 

-,- - 

‘iin 
Ml 
Ml 
50 
50 
50 
50 
50 
50 
26 -.---,-- 

T - - 
Firnc, dnyt 

none 
2 

A:: 
10 
30 

ii 
10 
a0 
x0 

Cotitaincr 

..*.,. 
Stoppered bottle 
Stoppered bottle 
Stoppcrcd bottle 
Stoppcred bottle 
Stoppered bottle 
Open basket 
Open basket 
Open bottle 
Open bnttlc 
Stoppcred bottle 
_. --- 

CR 8wil .- 
I39 
B8 
56 
53 
fi2 
SO 
31 
8 

38 
11 

100 

This material is &finitely less stable than Type 
ASMT or Type ASC mhetl(:ritee under conditions of 
open storage. 

In general it, has been observed that when Type 
AWI’ whetleritc is stored in tightly stopporcd bot- 
tles the aging is slow or virtually ceases after the first 
rapid decrease: in CX life. The amount of init,iad do- 
crease is practically indepc?ndcnt of the tcrnperature 
of storage. This can be explained, if the aging is t#he 
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result of oxidation, by the removal of all oxygen from 
the container. The increased aging in open cont,ainers 
is in agreement with this hypotllcsis.46 With open 
cont,siners, and with bottles fitted with Bunsen 
valves (to allow the internal pressure to remain at, at,- 
mospheric pressure) ASVT whelleritcs aged t,o a CK 
protection equivalent to that of baxc charcoal in 
from 10 to 30 days at 50 C. 

Two mechanisms have been suggested for this 
aging: (I) oxidation of V+4 to V-‘-5; (2) oxidation of 
CuzO to CuO. No definite analytical data to support 
these mechanisms is available. 

AC protection of Typo ASVT whetlerite is satis- 
factory when t,hc rnatoriul is equilibrated but is poor 
when dry. The AC t&c: lift whr:n t,cst,cd und(?r 80-80 
conditions is 80 to 95 min. No cyanogen can be de- 
tected in the cfflucnt,. Sumplos cxposc~d t,o air at, high 
temperalurcs (thereby almost, cornplotely destroying 
CK protection) gave AC tube test, lives of 140 min 
when tested at O-50 c:ondit,ions. This suggests an oxi- 
dation mechanism oporativo in both -equilibration 
and lligh-lernperrttrrrc air treatment which results in 
improved AC protection. A lift of 140 rnin is longer 
t,han can be accounted for by any known chemical 
reaction with the impregnant and is probably tluc to 
n catalyzed reaction. Perhaps a copper-vanadium 
compound in the oxidized state is an efficient catalyst 
for the oxidation of AC. In this connection it is inter- 
esting to note that a sample prepared with both 
molybdenum and vanadium in the impregnating 
solution (Type ASMV whetlerite) ran 250 min be- 
fort! a trscc: of AC was transmitted. Cyanogen was 
detected after 160 min. Howcvcr, the sample was not 
an outstanding C K absorbent. 

Bccausc of the rapid dctcriorstion of Type ASVT 
whctlcrita when st,orod in unsealed containers, it, was 
considered an unsuitublc filling for prcscnt, canist,crs. 

In the foregoing discussion no comment has been 
made concerning the general absorption churacter- 
istics of ASMT and ASVT for toxic agents other than 
CR and AC. In general, the materials absorb CG, 
SA, PS, H, and other typical toxic agents satisfac- 
torily. CO is riot, absorbed. 

4.5 L)EVELOPMb~N’L’ OF WPPEK-STLVIXK- 
CHROMlUM 1 MPKIGNAN’I’Y 

4.5.1 Introduction 

The superior properties of mixt,ures of copper, sil- 
ver, and chromium as charcoal impregnants for t)he 
absorption of CK and AC welie first recognized in 

1942.“* Impregnation of charcoal wit,11 chromium, 
and in one case with copper and chromium, had been 
attempted earlier, brat &rough improper prqaration 
or lack of testing facilities for CR and AC the stlvan- 
tages of this impregnunt, were not apprcciatctl. 

Activated charcoal impregnated with copper and 
either molybdenum or vanadium, when properly 
h&-treatled, has the ability to adsorb from an air 
stream, and destroy, rather large quantities of CK 
and AC. In turn, niolybdcnum actIs more efficiently 
than tungsten in the removal of CR and AC. From a 
comparison of the relative positions in the periodic 
table of tungsten, molybdenum, and chromium with 
the abilities of these impregnants to affect the ab- 
sorption of CX, it is indicated that chromium would 
bc more useful than either molybdenum or tungsten. 
Broadly xpcaking, such was found to bc the case. Al- 
though hcut, treatment conditions required for the 
preparation of copper-chromium imprc:gnst,cd char- 
coals are q&c diffcrc!nt from those II& in preparing 
copper-mnlyhdcnum or copper-tungst,c:n impregnated 
charcoals, the CK-tlcstroying propertics arc ccyual to 
or better than the best mol.vybclenum-contuirlirlg aI)- 
sorhents. 

The first samples of ASC whetlerite were prepared 
in the laboratory by impregnating activat,ed charcoal 
with a Type AS solution to which had been added 
1.5% chromium in the form of (NH4)&r907. These 
protluct,s were dried ih the sarnc manner as Type AS 
whctlcrites (in wire screen trays in a convection-type 
oven at 150 C for three hr). The resultjing absorbents 
had good AC and CK lives, superior to t,hose of any 
previous samples, but inferior to the prcsant Typo 
ASC whetlcritcs. Later work showed that, practically 
any chromate salt could be used. The matcrisl chosen 
as most convcnicnt for both laboratory and plant 
operations was chromic anhydride, CrOa. The rna- 
terial is very easily solublr: in t,he impregnating solr~- 
tions used, readily available, and relatively cheap. 

k5.2 01~timum Concentrations of Constituents 
of Type ASC Whctlerizing Solution. 

Copper and Chromium Concentrations 

Experimental results on the variation of AC and 
CK lives with variation in the copper and chromium 
concentrations of the whetlerizing solut,ion are given 
in Figures 5 through 9. The work was evaluated at 
different tirncs by c&rent kinds of hhc mtl canister 
tests. Early work was evaluated entirely by means of 
tube tests which cannot be correlated quantitatively 
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with canister tests. However, the results of both existent, whcrczls in canister tests (thin beds) the 
kinds of t&s indi&c approximately the same opt,i- effect is important, as is clearly shown in Figure 6. 
mum c:oncent,rat~iorls. The best, method of expressing This indicates that the activity toward AC is being 
test, results, which was perfected at a later dstc, is by affectctl by change in chromium content to a groatcr 
means of layer depth studios lceding to an cvuluation extent, than the capacity for AC absorption. 
of No and A,:. Knowing these: values permits the esti- 
mato of the service life of the absorbent, in any par- 
ticulnr canister (see Cliaptcr 8). 

I20 
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2 eo 
I 

$j 60 
3 

z 
40 

20 
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0.4 0.6 0.8 1.0 I.2 1.4 1.6 

PER CENT Cr IN IMPREGNATING SOLUTION 

P~orrm 5. Fffcct, of v:trial,ion in Cr conccntmtion (of 
whetlerjzing solutions) on the AC :~nd CK lives of cm- 
isters. 

Figure 5 shows the variation of CR SO-SO life with 
the chromium content of the whetlerizing solution 
for three different, charcoals, using a constant copper 
and silver content (lO(r, ad O.l$Ti respectively). 
These charcoals represent upproximatcly the range 
available, from poorest, to best. The: t,hree charcoals 
show an increase in CK life with chromium content, 
the rstc of increase depending upon the charcoal. 
Curves might, flatten out at high chromium content, 
but, they were plotted as straight, lines over the entire 
range studicd since t,hc experirncntal error is great, 
enough to hide any lcvcling off at the higher concen- 
trations. The reason for this great difference among 
charcoals is not fully understood, although recent 
work indicates that, pore sizt: distribution in the char- 
coal is the controlling factor.49 Figure 6 shows some 
MlOhl canister results concerning the dependence 
of CK and AC lives upon hexavalcnt chromium con- 
tent of t,he whctlcrite at, t,wo different copper con- 
tents. The canister results in Figure 6 indicate the 
samr: general t,rcnd for (.>I< as the t,ube test rcnults in 
D’igurc 5. The AC life also is tlcpendent, upon the 
chromium content of the whetleritc.5U In the S-cm 
tube test (thick beds), the effect is very small or non- 

I.0 1.2 1.4 1.f 
PER CENT 0”’ ON WHETLERITE 

~GTJRE 8. Effect of hexnvdent, Cr rind copper con(ent 
of whetlerite on CK and AC lives. GHS lives are for 
MlOAl carlisbcrs, londeed PCC whctl~rit~e. 

The variation of Cl< life with the copper content 
of the ASC solution at constant chromium content is 
shown in Vigurt: 7. The data indicate a leveling off of 
the curve at nbou t, 8% copper. The cffc~t of copper 
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EIICUJRE 7. EffecL on CK life of ASC t;uhdion with con- 
stant Cr and varying Cu content. 

is also shown in Figure 6. There, in the case of AC, 
the curve rt:present& a copper concent,ration of 80/O 
has a much smaller slope than t#hat representing 5y0 
copper, thus showing a much greater dcpendencc of 
A(:: protection on chromium content, at low copper 
concentration than at high. The CK curves, on the 
other hand, show the: same slope at both copper 
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levels. However, for both CUSCR, at a given chromium 
concentration, protection is at a higher level for thr: 
higher copper concentration. 

Yigures 8 and 9 present similar dat,a 51 for the vari- 
ation of iVu and X, for CK 80-80 with chromium and 
copper concentrations. Here the da2ta lead to much 
the! samt: connlusions ati the tube and canister tests, 
oxccpt, that here the quc*stion of thick and thin beds 
~OC?H not cntw into the interpretation of the data and 
choice of optimum conditions. 

- 4.2 

0 2 3 4 
PER CENT Cr”’ 

C’WUnE 8. Hffeect of CrV1 content upon criticnl depth, 
A,, and cnpacity, No, of irrlpregn:tlcd cl~:trcoal, Type AW. 
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FICGTJRE !I. Fh%cl of Cu content upon critionl depth, A,-, 
rind mpncit,y, I&, of iqregnat,ctl charcnd, Type AK:. 

The solution composition chosen as optimum corl- 
tains 8 fx copper, 2 %I hexavalent chromium, and 
0.2(j$, silver. (The silver concentration had no effect 
on the CX and AC lives in this low range and was 
retained on the basis of t,he data on Type AS whet- 
lerite. Two per cent, silver was suficient in every case 
wit,h the charcoals in general use.) The 8(x, copper 
concentration, which was chosen to provide AC 
protection at the desired level, limited the chromium 
concentration to 2’s, because with this amount of 
copper present at, higher chromium concentrations, 
a heavy crystalline precipitate of C:U(NH~)&W~ 

forms at, laboratory tcmperntures (25 C). The heats 
of solution and reaction warm the SOhlkJD duririg 

preparation resulting in considerably higher solu- 
bility of the chromate. The precipitate forms when 
the concentrated solution is allowed to cool hJ room 
temperature. IJse of 5(x, copper allows the inclusion 
of more chromium, but results in a lower level of 
protection at any given chromium c:onc:c?ntration fol 
both CK and AC, as shown in Figure B. It, is feasible 
to USI: higher chromium concentrations at 8% copper 
if the solution is heated. 8imilarly the normal ASC 
solution containing 8 yU copper and 2($$ chromium 
will produce a precipitate if allowed to cool much be- 
low room tcmpcrsture. Iqrom a practical point of 
view the advantage (in increased AC and CK lives) 
of using more than 2% chromium is more t,han offsel 
by the trouble encountered dry: to deposition of solids 
in Idic equipment. 

~~MMONIA AND CARBON DJ~XIDK CONCENTR~‘PIO~~ 

The ammonia and carbon dioxide concentrations 
are f&d at, t,hat level which keeps thn copper in 
stable solution as C:u(NTTd),&X3 and Cu(NH4)4Cr04. 
Variations in the carbon dioxide and umrnonia con- 
centrations do not, affect the propcrtios of the final 
whetlerit,e as long as thy do not fall low enough to 

permit formation of solid basic copper carbonate, 
chromate (or possibly hytlroside). The solutions have 
been found to 1~: satisfactory when the concentru- 
Cons of copper, ammoniCa, and carbon dioxide Hrc 
approximately in t,he ratios of 1:I .5:1. Slight vari- 
ations in t#his ratio have no upparont, effect. 

The commonly used ASC solutions arc listed ho- 
low. 

Holr~tion 8ytnbol ECU sNHs %CO, SCr “/oAg 
&lKeWOOd ASC ASC X.0 12.0 8.0 2.0 0.2 
ModifierX ASC AS<>-1 5.0 8.0 5.0 2.0 0.2 

MC-1 solution is now seldom usc:d, but, was used 
extensively during the period of development. 

FUNCTIONS OF TIIE ~V~~ALLIC c:(.)NsTtTuENTs 
The function of each metallic constituent is 

brought out in Tublc 23. 
It is apparent that, both copper and chromium 

must be present to prot11~~ CK activity. Copper 
alone, as in Type A whetlcritr, produces a whetlerite 
having dry SA protection, dry AC: protection and 
some wet AC protection, and CK protection equiva- 
lent to that of the base charcoal or less. The CC: pro- 
tection of coppered charcoals is usually quite good, 
wet or dry. Silver alone produces :L whctlcritc having 
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TABLE 23. Function of the metallic conxtitncnts in ASC sohdinn on chnrcortl CWR FCl-P58. 

Rolutinn composition 

fy& Cl1 *i’o CI %I AR 

10 1.37 0. 
0 1.37 0. 
0 1.37 0.5 

10 1.37 0.1 
10 0. 0. 

-.. 

:- 

-. 

S.A 
-._, ~-- 

0 50 HOpS() $ 80-80 ,..5(: c:li iGsi?SIZ 
-... -- 

126 4 90 124 140 141 30 54 
33 0 1 fi 1.5 38 8 12 46 
70 123 I7 15 37 8 14 42 

128 I 05 x7 11s 1 37 111 19 54 
I20 4 so 2x 0 * . . 

".._. 
* 6.rm tuhc t&a. t AR = moisturr cuntent atl received. 

TART.E 24. M.zt,crisls fnr n l-kilo brttcll of APC &ltiorl. 

SA protect,ion, when wet, but having no protcctjion 
for any other tnst gas not absorbed by activated 
charcoal. IJsc of both silver and copper in the whet- 
lerite results in good SA protection wet, or dry; the 
properties of this absorbent for other gases are sim- 
ilar to those of Type A whet,lerite. To produce an 
absorbent with good Cl< activity wet, or dry requires 
both copper and hexavalent chromium on the chnr- 
coal. T/U: nrcessity for the prcsc:nc:c of hexavalontj 
chromium as such has been illustrated by numerous 
experiments in which the change: in the hexavalcnt, 
chromium content, of the whctlcrite during aging 1~s 
bc:cn relat,ed t,o the C: li life of the aged matcrial.S” 
Magnetic susceptibility measurements on aging 
wlictlerites 58 also indicak that t,he CK lift is de- 
pcndent on the proncncc of hexavalcnt, c:liromium. 
Direct impregnations with trivalent, chromium 
(which ncvcr exhibits any CK activit-y) also point1 
toward the: Hame conclusion. However, hexavalcnt 
chromium in t,hc absence of copper seems to have no 

effect on CK protection. 

The solution used in the laboratory usually con- 
tains chromic: anhydride and silver nitrate. Plant 
practice is t,n prepare a copper ammine carbonale 
solution by dissolving copper ticrap in an nqucous 
solution of ammonia and carbon dioxide agi tatcd by 

an air stream which also serves to oxidk the copper. 
As the copper goes into solution, gaseous ammonia 
and c:arbon dioxide are nddcd t>o bring the compo- 
sition up to the desired level. When the copper, am- 
monia, and carbon dioxide reach the proper COIMXX- 
tra~hl, the BOlllt~icJn iS remwd fmn COIltaCt With 

the: M~II-)CI’~ air is bubbled in until all the cuprous 
copper in the solution is gxitliaed, and the required 
quantities of chromic anhydride and silver nitrate 
arc added. 

All calculations for the amounts of material to be 
added to the solutions should be basotl upon actual 
analyses of tlic: compounds used, since the basic cop- 
per carhonute and ammonium carbonate are rarely 
of formula composition, An cxsmplc of the purity 
and composition of the materials u~ctl in making up 
an ASK: solution is given in Talk 24. 

A small amount, of ammonium hydroxitic? is re- 
served for dissolving the silver nitrate. The remainder 
is mixed with the water and chromic anhydridc is 
added. The resulting solution of ammonium chro- 
mate in excess ammonia is used to dissolvn tllc: basic 
copper carbonate: tmd ammonium carbonate. The 
solution is stirrrd until all mnt,erials arc in solution. 
The solution of silver nitIrate in nmmonillm hydroxide 
is added last. This order of solution avoids the liber- 
ation of carbon dioxide which occurs if the acid 
chromic anhydride is added to either of the carbon- 
ates before king neutralized. 
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IMP~E~+N,~TIoN WITII ASC SOLUTIONS 

Laboratory impregnation is carried out as follows: 
The charcoal, prepared by sieving to the proper mc:& 
distJribution, is placed in a beaker and an approxi- 
mately equal volume of solution is poured over it 
with stirring. The stirring is continued for a minute 
or two until the foaming has ceased and the charcoal 
is completely wet. The? charcoal is then allowed to re- 
main in the solution for about, 30 min. Although 
there is some evidence that, the charcoal is completely 
impregnated aftor about 7 min, the 30-min period is 
used to allow R safety fact,or for any unknown vari- 
ations in the charcoal. After impregnation the 
“slurry” of solution and charcoal is poured into a 
cylindrical wire screen buskct wif,h a conical bottom, 
and allowed to drain. The basket, is shaken vertically 
until only a few drops of solution are mmoved each 
time-! the basket is raised. By this method it, is pos- 
siblc t,o obtain reproducible solutinn-churco:tl ratios 
of lwtwf?cn I .O and 1.2 g of solution per g of charcoal, 
which is an optimum for good whetlerit,c pcrform- 
uncc. The ratio should lie in this range for rcpro- 
ducible performance of the whetlerite. The druincrl 
material is then dried in a rotating drum clrier.“4 

The laboratory rotating drum drier consists of a 
melul drum, 15 in. long and 8 in. in diameter, iit,tctl 
with int,crior lifts to keep the charcoal moving while 
drying. The drum is mounted inside a well-insulated 
electric oven, and is rotated at a rate of 3 rpm by a 
small electric motor mounted outside the oven. The 
charcoal is heated 1)~ heaters installed within the 
oven, and by a strcum of hcatctl air which is blown 
through the rotating drum. Adcquat,c?ly baffled exit, 
ports are provided to carry off the air and gases 

evolved during drying. The optimum operating con- 
ditions for this drier are as follows: 

Volume of charge 1,200 ml (wet im- 
prcgnstcd charcoal) 

Air flow 75 lpm (linear 
flow of approsi- 
mately 94 in. 
per min through 
drum) 

Maximum charge temp 1XOC (&lOC) 
Time at maximum temp 30 min 
Influent air temp 185-195 c 

The charge volumt: 1,200 ml corresponds to a loud- 
ing of about lO(%, of the volume of the drum. Larger 
loading ratios rcquirc greater air flow through the 
drum to produce a high quality material. However, 

IIAC of air flows greater than 75 lpm in drums of this 
design results in loss of product through the air vents. 

T& drier is provided wit,h two temporuture con- 
trolling devices. A Fenwcll Thermoswitch controls 
one 500-watt heater and is activated by the air tcm- 
peruture outside tlhe rotating drum. It is adjusted to 
turn the heater off at a temporature approximately 
30 clegroas below the maximum charge temperature. 
The other device, a Capacitrol, is connected to a 
thermocouple in the charcoal 1~11, indicating the 
chnrgc temperature and controlling another 500- 
watt ho&or. The lag at, 180 C is approximately + 5 C. 
TIence at maximum tcmperaturc the charge temper- 
ature variation is from 175 to 185 C. Having two 
heaters allows a rapid boating of the charge; by con- 
trolling one heater at a temperature 30 tlcgrccs I-)+ 
low the maximum, slower final approach to the maxi- 
mum temperature and smullcr variation at the maxi- 
mum temperature are obtained. The maximum tem- 
pcrature is not critical in the range between 150 and 
200 C. IIowevcr, at 150 C a long heating period is 
required to reduce the ammonia content of the whet- 
leritc to the specification value, while at 200 C and 
hi&r there is danger of ignition of t,he whetlerito. 
The compromise maximum of 180 C for 30 min seems 
to be optimum. The total time of a run is about, two 
hours, since it takes t,he 1.,200-ml chargc about, 90 min 
to come to maximum temperature. 

The vapor prcssurcs of NTT,, COz, and Hz0 over 
Types A and ASC solutions were measured at 25 and 
50 C. The data for ASC arc presented in Figures 10 
through 18. Because the data are valuable from the 
point, -of view of plant design, the complete set of 
curves is presented. Variations of the vapor pres- 
sures of all components when any orle is varied arc 
shown. 

Assuming that the Clausius-Clapcyron equation 
holds within t,ho range of tempcrut,ures studied and 
for an addilionul 10 degrees below ard 20 dcgrces 
above, the effect of t,cmperature on the partial pres- 
sures of ammonia and carbon dioxide has been cal- 
culated. The effect of tomperature on the partial 
pressure of ammonia in Type ASC solution is shown 
in Figures 1.9 t,hrough 22. Similar data for the carbon 
dioxide pressures are s1u~w1~ in Vigures 23 through 26. 

The effect of adding chromium to Type AS solu- 
tion (producing Type AK) is to lower the ammonia 
pressure and to raise the carbon dioxide pressure, as 
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~~IGURE 14. Effect, of t,hc concent,m,tion of AK-1 soh~- 
Oion (at, 50 C) on the partial preutiures of 1320, NTT,, and 
COs. (ASG1 solution diluted with water; I,he 1007, 
values are for undiluted solution.) 
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FIGURE 16. Effect of vnryina nmmonin content (11 to 
17%) of ASC sc.Jutiona nt 50 C on partial pressui-e of 
H20, NHa, and C02. 
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woulti h: cxptxtctl from t,hc: :dtlition of any acidic 
wmponc:nt. 

where (5 is the constant1 of integrution, and AH is the 
hcd of solution of t,he vapor. Assuming that plots of 
In p versus l/T are straight lines, and determining 
the v:bpor pressures of ammonia and carl)on dioxide 
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FIGIJRM 21 Rffect, of ternperxture on munonin pressure 
of Type ASC solukm with differenl solulions (NH3 
v:triahlc), 

for the solution at, 25 and 50 C, veluc:s of AH were 
ol~tnined. The :LVWLL~S(: v:du(:s are given in Tal~le 25. 

TART,E 25. Avcmgc heat of solution of the vobtilc 
constitucrks of whctlarizinp; solutions. 

Solution NH, coz -. ‘- H,O 

Type A 9. I 15.0 11.0 
Type MC 10.2 15.6 10.7 
” .-- ,.__~. 

As might have been prodictd from the vapor 
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FlGlJRX 26. Ti:ffCCt, of t~Cn~~XY’%tM’r. “11 co, ,,PWui-e Of 
three dilutions of Type ASC solutions (Cu vnriable). 

pressure data or from a c:onsitleration of the types of 
solutions involved, the heat of solution of ammonia 
increased while that of carbon tliositle and water de- 
creased as a result of the addition of chromic an- 
hydride to Type A whetleriaing st)lut,ion. 

Thesr: vapor pressure data should 1~ uncful in the 
calculation of the composition of the gusts Icaving 
the make-up tanks during the air-Howing procedure 
now usctl in the indust,rial whetlerizing plants. In 
addition, the: composition of the gas leaving tllc! rc- 
covery tower can be calculated or approxirnatctl for 
known concentrations of recovery tower solution. 
The efficinncy of such recovery proccxncs might, bc 
improved or new systems designed on tllc hasis of 
such data. 
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MWHANISM OF SORPTION OF CIIROMILJM FROM ASC 
Smw10~ HY CIIARCOAL 

The impregnation of charcoal with whel,lcrizing 
solution app:trcMly involves only a sorption of the: 
solution into the por(:s of the churt:oal. Little or no 
reaction occurs during the! relatively short, time that 
the charooal is in contact, with the solution.“” The 
d:tOa indicate that mosi, of the chromium present in 
AK whetlerite is nol taken up by xelcctive adsorp- 
tion from solution dllring impregnation, hut, remains 
after evaporation of 111~ water from the solution con- 
taincd in the pores of the charcoal. 1‘1~0 adsorption 
of chromium from AK: solution is a very slow process 
which is accompanied by some reduction to the 
trivalent state. The trivalent, chromium &urns to 
the solution, ant1 after a few days standing, is prc- 
cipitated as a complex basic carbonate, 8 gelatinous 
mixed precipitutc: of the following composition: 
CrzOA, 32.8%; CuO, li.8%l; C(h, 20.Scf&; SiOz, A.B$&,; 
NH,, 8.8%; HJ), 22.4’3,. The silica found in the pre- 
cipitat,e was apparently leached from the charcoal by 
the action of t,hc impregnating solrli,ion over a period 
of’ several days. (Coal base charcoals in particular 
have a large silica content. 

The mechanism for the formation of the precipi- 
tate may be post&M as follows: 

1. Charcoal + ASC solution e hexavalent chro- 
mirlrn adsorbed on charcoal 

2. Crf6 atlnorl~cd on charcoal * Cr+3 adsorbed 
on charcoal 

3. Cr+” adsnrbcd on charcoal + C:r+3 in solu- 
tion + charcoal 

4. CJrls in solution + C:rt3 precipitated. 

Data showing t,hc rate of adsorption of chromium on 
CWS PC1-1’58, 12 to 20 mesh, is shown in TaMo 26. 

TABLE 26. Aclyorption of chrorniurrj frown A6C solutions 
hy chnrco:tl CW6 PCI--PS&. 

Tirnc, rrlirl O/OC:r lG in solution 

0.0 -- 1.&l 
9.0 1.05 

14.0 1.03 
31.5 0.983 
ti7.5 0.937 

120. 0.917 
748. 0.690 

3027. (2 days) 0.467 
_.. ..-_ 

The time intervals involved in the experirncnt show 
that, very little chromium is adsorbed from the solu- 
tion in the norrnal impregnation process since the 

time of contjat:t, is only thirty min. During this period 
only about O.O8(7U of chromium is adsort,od from the 
solution. It, is evident thatj mechanical holding of thr: 
solution in the pores and voids accoant,s for practi- 
callg all of the chromium found on a whotlerit,e. 

When an rtq~m~r; solution of ammonium chromate 
is allowed to remain in contact with charcoal for sev- 
cral days, the chromium is adsorbed and partially 
rctluced to trivalent chromium which remains on 
the charcoal. No trivalent chromium appears in 
the solution, as in the case of ASC: solution. On char- 
coal the chromium is believed to be reactive with, or 
catalytic toward, the decomposition of Cli whorl in 
t,he hexavalent state. T,ittle direct evidence is avail- 
able to prove this point, because thr: state of the irn- 
pregnant, on charcoal frequently is so different from 
the ordinary state of the material that, the usual 
X-ray diffraction experirncnts give little but the 
halos or fogs which indic:at,e a very Gncly divided or 
amorphous condition. ilnelytical results, correlated 
with the change in CK lift: of ASC whctlcrite on 
aging, indicate clearly that hcxavalent chromium is 
involved in the removal of CIC. In an effort to st,udy 
the &to of the impregnant without the: drastic 
treatment, involved in analytical procedures, mag- 
netic susceptibility measurements were madn 011 a 
Gouy balancr:.~3 The barge differcnoes between the 
magnetic saxccpt,ibilities of compounds of copper and 
compounds of chromium suggested that the valence: 
st,ate of the impregnant might be determined by this 
means. The result;s intlicatod that: 

I. CuO on cl~a1.coa1 in a Type A whctlnrite has a 
much higher susceptibilitjy than it has normally. 
This may be caused by the: fact that it is very finely 
divitlctl, or that it, is adsorbctl molecularly and t,hr! 
carbon-copper oxide forces act as a diluting effect, 
increasing the susceptibility of the copper ox& 
Large: changes in the susceptibility of iron, cobalt, 
nickel, and manganese salts have been observcrl 
when they are utlsorl~c~rl on charco~tl, and these 
changes seem to 1~: duo to surface complex formation 
with the charcoal. 

2. The chromium on Type AK charcoal changes 
to the trivalent form upon aging or absorption of (:I<. 
Previous work using analytical methods had poinletl 
toward this conclusion. Furthermorc~, the magnetic 
mcasurcmcnts strongly indicated that after reduc- 
tion the chromium is presenl; as CJ$1~~41120. The 
magnetic: susceptibility of Cr& is small while that 
of Crz03 is very large. The chnngc? observed on ex- 
posing AK: whetlerite to CK was greater than 
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could be accounted for by the formation of anhy- prcscnl, the copper-chromium complex app:lrently 
tlrous Cr&&. Because there is more than enough was rendered inactive by thr: layer of hexavalent, 
water present, to allow t,he formation of t,he hydrate, chromium put on by the secontlary impregnat,ion 
and since it forms readily, its presence is a reasonable 
explanat,ion of the high final susceptibility. 

Hcxavalcnt chromium may be present on the char- 
4.5.3 Mechanism of .Kenmval ot’ SA, AC, 

coal as basic copper chromate (CuCM)~~2CuC)) or and CR by Type MC Whetleritc 

copper dichromste (CuCrz07). Both of these: com- 
pounds exist, as the dihydratc at room temperature. 
The ljasic chromate is the most probable compound 
under the conditions of deposition of the materials 
on the charcoal. The: hydrates are: 

C>uCrO~~2CuO .2H # (loses water at, 260 C), basic 
copper chromate &hydrate. 

CuCr& *2Hz0 (loses water at, 100 C), copper 
dichromate dihydratc. 

Although these mat,erials, when on charcoal, may be 
sufliciantly altered in their properties so that, they 
lose water at a lower tcmperat,ure than normal, it is 
possible that hydrates may exist even after being 
heated t,o 180 C, as is done in whetlerito preparation. 

There is some semi-quantitative data available 
that cun be interpreted as favoring the exisknce of 
the basic copper chromate as the material active in 
the removal of CB. As shown in Figure 7, when an 
imprcgnatJing solution contains about, 2% chromium, 
the CK lift increases as the copper concentration of 
the solution is increased up to apprnximatcly 8’j& of 
copper, with no further increase at higher copper con- 
ccnlrations. Thus, when the copper-to-chromium 
rat,io reaches a value of about ,Z to 1 there is no fur- 
ther incrcuse in Cl< life. This implies that the copper- 
chromium compound or complex responsible for the 
CK activity of t,he whctlerite might contain copper 
and chromium in that, rulio. In basic copper chromate 
(C~~Cr04~2CuO) the mtio is SCu/Cr = 191/52 or 
3.7 grams of copper per grarn of chromium. 

If basic copper chromate is the material in hSC 
whetlerite which is active in the removal of CIC, t,hen 
any hexavalcnt chromium above that necessary for 
the: formn,tion of basic copper chromate would not be 
oxpect,orl Lo increase the CK lift. The&ore, it, is in- 
tlicatctl that, the total amount of chromium on :L 
whetlcrit,e is no measure of the CK reactivity that, 
cm be expected of the whetlcrite. Iqor example, an 
ASC whetleritn Lreatcd with hexavalcnt chromium 
in secondary impregnations was found by analysis to 
contain a very large amount of hexavalcnt chromium. 
This material was found to have an lmsatJisfactory 
CK life. Although both copper and chromium were 

A brief dcscriptJion of the mechanism of removal of 
t,he common test gases is given in thf! following para- 
graphs. h more detailed discussion of removal mcch- 
anisms is to 1)~ found in Chapter 7. 

Sh 
SA is removctl by catalytic oxidation of Sh Lo 

As& The catalyst is predominantly silver, the 
action of which is apparently enhancotl by the pws- 

cnce of copper and chromium. 

CR 
The following reactions have been postulated for 

the removal of CX7” 

1. 5CNCl + 5&C&--+ 5HC)CN + 5HCI 
2. 2IICl + CUO~ c:uc:12 + Hz0 
3. SITCl + C:r+G---+ 3$Cl, + C.:r+3 + 3H+ 

Hcxevalent chromium in combination with copper 
apparently functions as a kydrolysis catalyst. The 
HCl produced by hydrolysis reacts with CuO until 
all the: available CuO is used. Then the HCl reacts 
with t,hc chromates present, resulting in the dcstruc- 
t,ion of the catalyst. Five moles of CK react with 

I molt of hexavalent chromhrm as indicated dmve. 

AC 
The following mechanism is postulated : 

I. 2HC:N + CuO+ Cu(CN), + Hz0 
2. 2Ca(CN)r+Chz(CN)~ + (CN)z 
3. (CJN)2 + (Jr+” + (k+” - (CN), Complex 

The first, two steps are identical with the mcchu- 
nism postulated for the react,ion of Typo A impreg- 
nunt with AC. The third reaction accounts for the 
absenct: of (CN):! in the effluent from the absorption 
of AC 1)~ Type ASC whctlerite. Apparently no ye- 
duction of Cr+” is directly involved. 

VARIATION OF ASC WHETLERITE QUALITY WITH 
(::I[ARCOAL 

The reactivity of ASC whr:t,lerites toward CK at 
80-80 conditions varies with the base charcoal. Indi- 
cations arc that this variation is a function of the 
port size distribution in the charcoaJ4D but the exact 
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relationship between the pore size distribution and 
the CK activity has not, been developed. Apparently 
the nmnncr in which wutcr is absorbed by the char- 
coal and in which the pores are filled is an important 
factor.h7 Using CWS PCI-1042 and CWSN-S5 char- 
coals (I2 to 16 mesh), a study was made of the effect, 
of water content on the SA, AC, and CK lives of the 
corresponding whetlcritcs. The PC1 whetlerite was 
fourld to give ample protection for all three test, gases 
up to and including equilibration at 97 t,o 100’$l<.H. 
Th(! SA and AC lives wcrc almost inthtpendent of the 
rnoisture content of the whetlorit,e, while tho Cl< 
lives decreasotl approximately linearly from 130 min 
at zero water content to 46 min at the maximum 
(33.3% water). 

The N-85 whetlcrite gave adequate AC protection 
over the entire range. The SA livcts dropped steadily 
ahove 3.5’xl 13H, and became zero at 851xj RH. The 
CK lives dropped rapidly above 30y0 RII, and be- 
came zero at 60% (35.2’$& water absorbed). Vive-cen- 
timeter tuba tc:st conditions wcrc used in both cases. 

Thus when the two whctlcrites have absorbed 
about the #ame amount of wa#ler (although at differ- 
ent humidities), one has an uclequatle CK and Sh 
life and the other does not,. The fact that, the N-S5 
has absorbed enough water to bring thn rcuclivity t,o 
zero at 60% RII while the: PCI-1012 ncvcr absorbs 
enough to do this even at, 97 to 100(X, BH seems to 
indicate that the pore structure involved is the de- 
termining factor (see Chapter 6). 

I~TERIORA’I’ION OF ASC WI~I~TLERITEB 

The greatest disadvantage of ASC whetlorite is its 
tendency to lose CK reactivity on standing equi- 
libratctl in a tightly closed container. IJntIcr these 
conditions a reduction of the hexavalent, chromium 
takes place MT s2 which results in poor CK perform- 
ancc:. There is also some loss of AC lift under the 
same conditions, but this cticct is not as serious, par- 
tic:ularly under field conditions. ASC whetlcrite 
stored dry in a sealed system shows negligiblo aging. 
Equilibrated and stored in air, CC)p, NIIa, 02, or Nz, 
it shows deterioration in every case. The tlctcriora- 
t,ion was greatest in C&, least, in NII,, and inter- 
mediato in air, oZ and Nz. 

It is believed that the variation in the rate of aging 
in the presence of NIT, and CO2 is attributable to 
their effect on the pH, since in reactions involving 
chromate ion the concentration of hydrogen ion is 
important. If true, the reduction of the hydrogen ion 
concentration effected by the NH, atmosphere would 

be expected to reduce the rate of aging. Because the 
data show that such reduction in rutc does occur, 
this potisibility should be borne in mind when oon- 
sidoring aging reactions. However, the rate of aging 
even in ammonia was not negligiblo. Attempts to use 
the control of pH as a means of eliminating aging 
have? not been successful. Spraying the whetlcrite 
with sodium hydroxide, or inclusion 01” sodium hy- 
droxidc in the impregnating solution were not cf- 
fectivc enough to bc useful. 

MC whetlerite, AS whetlerite, arul base charcoal 
when equilibrated and storetl in closed cont,ainers for 
two to four days at 50 C completely removed all of 
the oxygen from an approximately equal volume of 
air. The rate of adsorption of the oxygen dccrcased 
as the amount of water on a particular sample of 
whetlerite or charcoal decreased. It was also noticed 
that rmimpregnated charcoals, if stored equilibrated 
in sealed containers at about 50 C for three: weeks, 
became unsuitublc for conversion to ASC whetler- 
ites.59 Some huae charcoals, after aging, produced 
whetleritcs with CR 80-80 tube lives 50cy0 as large as 
t,hose of tllc un-aged charcoal, while others ga,ve lives 
of less than 10(x, of tho un-aged material. The effect 
was evident, whether the aged material was dried b.y 
evacuation before whctlcrization, or whetlerizerl in 
the equilibrated condition. The frcwh material pro- 
duced whctlerite of the: same CT< life whether the 
material was eyuilihrated before impregnation 01 
not. Hosting the agod, wet charcoal at 100 C for 
three hours, or soaking the material for six hours in 
MC solution, produced in most cases a whetlerite 
that had a Cli life approximately equal to that, pro- 
duced from the original material. (My certain zinc: 
chloride activated charcoals, which ordinarily showed 
excessive aging when converted to ASC whetlcrite, 
failed t,o respond to these treatmcntx. Tube taste of 
the whetlcrites prepurcd from aged charcoals fre- 
quently showed a Iargc number of breaks before the 
true breakpoint was reached, in some casts running 
to as many as 12 breaks. This indicates that the 
activity of the whetleritc is low, resulting in a slow 
removal of Cli and, with the particular bed tlcpth 
used (5 cm), resulted in a slow leakage of CK through 
the tube prior to the true breakpoint (when the con- 
cent,ration of CK in the effluent increases rapidly). 

On the basis of the foregoing data, certain specu- 
lations as to the nature of the aging process may be 
made, Zi’or both base charcoal and whetlerite, the 
first step in aging is the same, that is, formation of a 
layer of adsorbed watr:r. The character of this layer 
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is dependent on the nature of the charcoal surfut:r: 
prior to wat,er adsorption, which in turn is dependent 
upon the source of the mat&al and t,he process used 
in the activation of the c:harcoal. 

In view of the facl that, Home oxygen is probably 
present, on the charcoal surface before the water is 
adsorbed, there are at least two processes by which 
the chromium compound in ASC whetlerite can be 
rendered inactive as a catalynt, or a reactant: 

1. Reaction of the citrbon-oxygr:n-water surface 
complex with hcxsvalent chromirun, destroying the 
catalyst, or rcact,ant, by reduction. 

2. Destruction of the acLivc copper-chromium 
compound or mixture by a rc:&on (wit,h water or 
carbon dioxide) not involving t,hc reduction of 
chromium. 

The first, postulate seems to bc t,hc! most likely. It 
has hcc:n obsorvc(l that ASC whctlcritc!s which con- 
t,ain wstcr do not deteriorate as rapidly wlicn stored 
in containers which do not seal them from Contact 
with the atmoxphcro (c:anist,ers, for example), as they 
do when stored in tightly sealed containers. If it, 1~: 
assrmietl Ihat the carbon-water-osygen fiurfacc com- 
plcx is more easily oxidized by atmoxphcric: oxygen 
than by the hexavulcnt chromium present,, t,licn the! 
above observation and the absorption of oxygen 
from the air in storage containers arc cxplainctl 
readily. 

The aging of base charcoals appears to proceed 
also by formation of a surface complex. When base 
charcoals are allowed to age in a sculctl container, 
they remove oxygen from the air. Th(: udsort>cd osy- 
gen may form an extensive layer or layers of surface 
complex. (The charcoal must be equilibratc:tl before 
the rapid oxygen adsorption takes place.) The com- 
plex thus formed may react with AN: imprcgnant 
put on the charcoal to form a layer of trivslcnt, chro- 
mium on the charcoal surface, thus rendering the 
surface inactive. 

Another possibility is that the: surface becomes 
strongly hydrophobic when the carbon-oxygen- 
m&r surface complex forms. It, is known that, the 
carbon-oxygen surface complex formed on charcoals 
at about 400 (1: is more hydrophilic: than the oxygen 
complexcx formed at lower temper*nturt:s.6n It is pos- 
sible t,hat t,ho complex formed under the condit,ions 
of aging may cause the surface t,o 1~ hydrophobic 
enough to prcvcnt the whetlerising solution from 
entering Ilic fin0 pores of the charcoal. 

Extensive studios of the aging of ASC whctlcritcs 
under field conditions and simulated fielcl conditions 

have been carried out”’ (see Chapt,er 5). The results 
show thal for field service under fairly rigorous con- 
ditions of tcmperai,urc and humidity (85 F and 
above, 70 to 90% RH), an ASC whetlerite prepared 
from a PC1 or a Seattlo-wood charcoal and used in 
an MlOAl canister mtl carrier is satisfactory from 
the standpoint of Cl< protection. With respect to 
SA, AC, or CG, some deterioration of the whetlerite 
has been found in laboratory tests (sealed and equi- 
librated), but under field conditions in the MLOAL 
canister this has been negligible. 

ASC whetleritcs, when aged, lose activit,y more 
rapidly than capacity. Hence canisters with high 
flow rates or thin beds show more pronounced aging 
cffccts than do canisters wit,h low flow rates or thick 
bed depths. The! M-l 1 assault canister presents a 
problem from t,his point of view becaunr: of its short 
l~ctl depth, and bocause it ia carried in an air-tight, 
carrier which, in hot humid climates, provitlcs cx- 
cellent conditions for the deterioration of ASC whet- 
lerite, particularly after having been partially hu- 
midified by being worn for some time. 

The host, operating conditions for plant production 
of AK: whetlerite were determined in pilot plant, 
studies. The product, was evsluated on the basis of 
CK 80-80 lives, and the ammonia content of the fin- 
ished whet,lorite. It was found that, when these prop- 
erties were satisfactory, other properties were also 
satisfactory. 

‘lV~c most critical step in the production of ASC 
whctlerite is drying. The impregnation step can be 
varied over wide ranges without having an appre- 
ciable c:fYect on the: quality of the product. 

A complete description of the pilot plant equip- 
ment can be iound in an OSKI3 report.“” The plant 
consisted essentially of two parts, the impregnator 
and the drier. The impregnator consisted of a sheet 
iron tank wit,11 a 4-it screw (2% in. in diam and 2-in. 
pit,&) leading from the bottom at an angle from the 
horizontal t,hat could be varied between 20 and 40 
tlcgrees. The liquid level in the lower trough could be 
adjusted to cover up to one-half of the screw length 
by means of a variable overflow pipe. Screw speed 
was acljustabl~! to four values (5.8, 4.5, 3.5, and 
2.8 rpm). Charcoal was introduced from a tank stor- 
age hopper by means of calibrated orifices. With 
PC3 activated, charcoal orifices from l$& to 
1464 in. in diameter permit;t;cd a flow of charcoal of 
0.1.5 to 0.30 lb per min. Impregnating solution flow 
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was maintained constant, by gravity through an over- 
flow Weir* meter. J3otf-1 dution and charcoal entered 
the tank at the same point where they were thor- 
oughly mixed by an electric stirrer to assure uni- 
formity of imprcgnut,ion. The impregnator could be 
adjusled to clelivcr a wet feed stock containing from 
0.75 to 1.1 11, of solution per lb of dry charcoal. The 
screw delivcrctl t,he wet feed st,ock cithor to a storage 
crock from which it was transferred to t,he drier by 
hand, or to the drier storage hopper from which it, 
was intro&cod into the drier by means of a screw 
mechanism, at a controlled rate. 

mum at, a temperature wc:ll l~low ignition tempera- 
turc, although the life is lower than th(! maximum 
life rear:hctl -with plentiful air flow. Ammonia con- 
tent also is tlcpendent on maxirnurn tcrnporature at, 
any given flow rate. For standard conditions (air 
flow rate: of about, I .5 linear fps), the ammonia con- 
tent of the whctlcrite was about 0.2% at 370 to 390 E. 

The drier was constructed from three sections of 
standard B-in. steel pipe. It was IO fL long, externally 
heated by four 60-f? sccLions of Rl,raight 14guage 
Chrome1 A resistance wire wound directly over two 
insulsl,ing layers of asbestos tape:. A coil wafi wound 
on each end-section, and the rarnaining t,wo AO-ft 
lengths wound on the middle s;cct;ion of the drier. 
Electric contact, was furnished by five commut,ator 
rings. The: exterior surface of the drum was lagged 
with 1 in. of 85y0 magnesia pipe covering. Tcrnper- 
aturcs of the walls rtnd charge: were taken from 
built-in thermocouples. The heat>c:re were soparut;ely 
controlled to provide a definite heating schcdllle for 
the charge as it passed t,hrough Ihe drum. The com- 
plcto drier was mounted on a sllpporting framework, 
fabricated Yrorn standard stocl forms. It, was rotated 
by a pair of idling and a pair of motor-driven grooved 
pipe-rolls. The slope of the drum was varied by 
moans of a hinge-and-jack system. The drum was 
constructed t,o receive a Mower at either the feed or 
discharge c:nd, so that, the air flow could be either 
countercurrent or par&l, and an alcctric heater was 
provided to heat the air when desirotl. The discharge 
was arranged so that the product could be collcctecl 
in the absence of air, although in normal operation 
the product was discharged &rec:tly into cans in free 
contact, with the air. 

TARLE 27. Ignition tempemturc of whctlcrites mude 
from v:u%:)uE: charconls. 

L.. 
Igrkition 

M&rhl tempcrxturc 
F C 

PC1 Rct,iv&d ch~~rcoal R 1 I 96 >642 >283 
Nrztionnl Chrhon chsmosl CWSN I (96D I X >542 >283 
PC-ASC contnininK 1% N&H, run WR-781 I 440 227 
PCI-AX HI)1063 438 220 
Ehrnchcy-Chcncy nutshell ASC, drum Al 16 
PC-ASC, run WI?.-52 
Seattle ASC, drum B-825 
N:tliorl:tl Crtrhn ASC CWSNI 96B1 X ASC 
PC1 E-l I 1.5% pyridine, run WR 40 
Scat,tlr E-1 1, O.HO/, pyridinc, drum BH37 
Seattle E-11, 2.07~ pyridine, drum BX46 

435 224 
42H 220 
42n 216 
385 196 
375 190 
375 190 
343 173 

Tempemture Schedm~le. Extremely rapid increase 
in temperature during heating is detrimental to CH 
life. A moderate hoat& rate is dnsirable so that the 
whetlerite reaches rnaxirnum Lcmpcrut,uro in 40 to 
CiO min. The? rctcntion tirnt: (time in the drier) has no 
visible effect as long as the whctlcritc is not ho&cl 
too rapidly. A total time of about 30 min at, masimum 
temperature is desirable, which in turn rc?suIts in a 
retmention of from 70 to 90 min. Proper control of t,lie 
feed-end hc:at,c:r, speed of rotation, and pitch of the 
drum rc!nults in the desired rate of heating and re- 
tention tirnt:. 

Using the pilot, plant, the optimum operating con- 
ditions discussed in following paragraphs were tic- 
tcrrnined with respect to Cl< protection. 

Charge Terrqcralure. With plentiful air flow, a 
maximum charge temperature up to 400 F (205 C) 
has no cleletcrious effect, on CK lift:. Above 400 F, 
and up to ignition tcrnperat~ure, the eviclencr: is in- 
conclusive, lml; indications are that, some reduction 
of CK life 6ekes place. 

Ignition tornpernture varies for each charcoal, as 
is shown in Table 27.R’ 

AZ? !+‘LuuJ. Air flows less than 0.8 linear fps coun- 
torcurrent through the drier, or 3 fps par:~llol-flow, 
rcsultcd in inferior C K lift. The cff cct; is r:auncd by 
thr: influence of the vapors in contact willi the drying 
whctlcrite. The air acts as a diluent, rctlucing the 
rate of whntevcr deleterious reactions take place in 
the presence of high concentrations of vapors of 1120, 
C:&, and NH3. Parallel flow is the most, objectionable 
hccause the d&d whetlerite is in contact, with the 
moist saturated air, whereas in countercurrent flow 
the dried wlmtlerite comes in contact, only with fresh, 
dry air. The most convenient flow rate was found to 
be approximately 1.5 linear fps (80 P’ his), or 
90 fpm, in good agreement with laboratory driers 
which operate at a flow of 94 linear fpm. 

With a limited air flow, the CK lift reaches a maxi- All data point toward the conclusion that during 
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the drying operation (especially at the higher tc:m- 
peraturcs), tllc: whctlerite must, not be exposed t,o 
high cnncenl,rations of H20, C:&, or NII, vapors. It 
is not known which gas is the most, harmful. 

Flus Gus Atmxqhere. A large proportion of ex- 
cess air is necessary if flue gas is used in the drier. 
Low COz and II& vapor cc,nccnt,r~~t,ions cannot be 
maintained in the drier if untlilntal tlue gas is used 
as a drying agent, and lowcrcd CIC life results. 

Rnck Feeding. In order to obtain a frt:c:-flowing 
fectl stock, dried product is sometirncs rnisctl with 
the: wt:t, foctl stock. No material effect on the product, 
was ol~sorvcd when up to 50% of t,he dried produc!l, 
\WM usctl as feedback. Other experiments using a dif- 
f(:rcnt rnatcrial as feedback resulted in a product up- 
proxirnatoly equivalent to that obtained by mechan- 
ically mixing the fcctlback material with the product 
obtained without, using any feedhack in the: tlricr 
feed stock. This indicates that the whellerito is not, 
improvc:d by a second passage t,hrough the drier in 
comp:my wit,11 sornc wet mnterial.07 Therefore, in- 
fnrior feedback stock is not desirable. 

It was found that, 30”’ lo or more of dry feedback 
gave a dry, frr:c:-flowing f~:tl mntjerinl, whereas 20%, 
feedback resulted in a r:&c:r coohcsivc material. With 
t,he drier used in pilot plant] productions, 20(xj was 
srxficient to prevent caking. 0ther driers of different, 
heating charuc:t,cristic:s may have different, require- 
ments. 

Variation of the feed ralc, liquid c:ont,c:nt, of the 
feed stock, or drier loading had no cffnct on the qua- 
ity of the product. 

4.5.4 Evolution of Ammonia hy Type 
ASC Whctlerites 

Type ASC whctlcrites require careful temperature 
control during drying to avoid de-activation of the 
catalyst hy overheat&. Type: A whetloritas can be 
heated to much higher tcmpcraturts without, tlele- 
terious effects. Consequently, wlicn t,hc: plant, pro- 
duction of Type ASC whet,lerit(: using Type A plant, 
equipment was started in 1943, som(: troulJo was cn- 
count,ered in temperature control and frequent ovcr- 
heating resulted. When it became dcfini~,cly c&l)- 
lished that good quality Type ASC whet,lerite could 
he produced at lower tempcratjurcs, many lots of in- 
sufficiently heated whetlcrito wcrc protlucctl. Thesc 
materials had a relatively high ammonia content, and 
evolved ammonia vapor when moist. USC of such 
whetlerite in canister fillings in the t,ropic:s (whcrc 

the whetlerite soon absorbed appreciahlo amounts of 
water from atmospllcrc!) resulted in the: evolution of 
large amounts of arnrnonia with conscqucnt discom- 
fort, to the person using the canister. 

As soon as the situation was realized, measures 
wcrc taken to prevent] the! production of sr~c:h wht- 

lerilcs, and a specification test, was devised 1;o dcl;cc:t, 
sampb which evolve ohnoxious amount,s of am- 
monia when equilibralctl at, 80 CT0 RII. Samples which 
cannot, mc!c:t, this specificalion are reject,ed. 

The preparation of whcllcritc!s containing large 
quantities of ammonia is preventjet by careful con- 
trol of the drying temperature (at about 380 I?, f 
IO degrees), and use of an adequutc: air flow through 
the drier. 81x21 t,roatment, resulls in a whetlerite 
which contains approximately 0.15 0/O t;ot,al ammonia, 
and which when equilil>rated and used in a canister 
will evolve less than I.0 to 20 y per I n of ammonia at 
normal breathing rat,es. 

The intensity of the odor of ammonia, and it,s of- 
f& on an observer varies with the sensitivity of the 
ohserver and with his conditioning. If the: ol~crvcr 
expects to find the odor of arnmonia, he may be able 
to tlctcct it at, concenlralionn loss t,hnn 10 y per 1, but 
will not, find concentrations as high as 25 to 30 y per 1 
unendurut)lc. On the other hand, unprepared ob- 
servers IMVC a higher thr~sl~oltl for the odor, but will 
r~rutlly fkJ. the odor intolcral)lc at a lower concen- 
tration t,han the prepared ol)sc:rvers. Therefore, in 
tropical field tost,s of Type AK whetlerite which 
cont,ained ralhcr high concentrations of ammonia, 
troops who were prcparctl for the odor of ammonia 
while wearing their gas masks rarely found a c:anist,c:r 
which evolved intoleraM~ c:onc:enCrat,ions. 

Extensive tests of recenlly produced Type ASC 
whctlc&: which meets ammonia evolution specifica- 
tions huvc: shown that in tropical regions an odor of 
ammonia will usually develop in :L canister that has 
been worn long enough to moisten the: whctleritc 
appreciably, but tlio odor is slight and doc:s not 1~ 
come completely int,olorsl~le. 

LEACHING AND ~EWII~~:‘I’LEIII%I~TION 

In m effort to determine the cmw of the variation 
observed in plant whetlerites madr: from apparently 
uniform, high quality charcoals, a xt,udg was made of 
variations in whet,lerixing teclmiquos. In some cases 
the primary whetlerite was lcac:l~c:tl with hydro- 

n Normally the odor of ammonia cannot hc detected :tt 
concerltratiora leak than 10 to 12 y per I (1 y = 0.001 me;). 
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TABLE 28. The effect nf rewhetlerizaticm on the performance of whetlerites. 
.- 

“70 Cu in rcwhetlerieing 
solution* 

-- -_ ,. .------^_-- 
Origind lot ADS--749 5.94 1.52 0.78 0.51 56, 50, 50 24.7 

2.5 7.57 2.63 1.M 0.71 91, x2 24.7 
2.5 6.32 2.80 1.73 o.l?z 00, GO 25.5 
5.0 6.48 2.X!) 1.87 0.05 11 I) A0 23.0 
ii.0 7.78 2.M 1.75 0.x7 107, 06 23.4 
8.0 9.33 2.18 1.70 0.78 ox, 81 22.6 
8.0 9.76 2.22 I.70 0.77 !H, 77 22.9 

,_” 
* 1.8 per rrnt Cr ~I.PRPII~ in a11 rcwhctlwising dul,iona. 

‘~‘ARTZ 2!). The effect of mult,iplr whetlerization on CG lift>. 
.~. .- _ 

I 
MlOAl crtnister livrs, min 

I *lo TT,O 

8xmplc TkFicriptioll CG PH equilibrium 

HO-80 0 50 HO-50 (tube life) 80 yo Ii H 
-- “~ 

,- 
._ ,” - 

- PC Al& PC1 charcod not whctlcriaed 44,46 9, 10 31,35 29.2 
(i727 PC 518 wldrrite 53, 52 55, 55 28,22 2G.2 
6728 6727 rewhetlorite 38, 45 51,44 (45,43)* 21.4 
ti739 6728 rcwhetlerite 30 38 . . . 24.:3 

chloric: :1&l, ammonia, and water, then rewhetlnr- 
izecl. With other samples of whetlcritr, ft simple ro- 
mhetlerizaLion with ABC-1 solution without :my 
prc!vioux leaching tretttJment, resulted in phenomcnul 
increases in the: CJK MlOhl c::Lnister lives.69 A xrries 
of c:spcriment,s \Y~LLH made in which the solution used 
for r(‘\YliCtlerizat,ion contained from 2.5 to 8 “/o copper, 
nntl 1.13%, chromium. The resuIt>n rare given in T:d~lr 
2x. 

IL can be wm that, the CK cftnister lift has been 
tlpprnxim:ddy doubled 1);~ the use of ASC-1 solu- 
Con (5 9;) C.3~ j, resulting fmn a comt)ination of in- 
creased hcxuvalent, dlromium and incrcasecl coppeT 
on the whr:tleritJe. Tt, will be notinctl thrtt using an 8% 
copper solulion resultjcd in a slightly lower CK life, 
although the lives :Ir(: nob low enough t)o be signifi- 
cant. 

T,if(:-Lhickness curves for the: original anti rc:whcL- 
lerizd product, show that, rc:whetlerizntion resulted 
in a11 increase in citpacity wiLllout changing the criti- 
(~1 layer depth :tppreciat)ly. 

A study WAS made of thr rewhetlerization of vari- 
ous grntiw of whetlCritc from various sources. In 
many CRHCS Grade 11 whetleritc: (CK MlOhl cm- 

ister lift of less than 35 min) produced a C&de I 
\\+etleriLe having at le:~st, twice the life of the original 
material. Grade II PC1 whetlerites ::lre usually mtm: 
responsivt! to this treatment than :I, material like ft 
Barn&y-Cheney wldlerite hoc:.ulse the bant: char- 

coals arc: c:Ltpuhle of producing a better whetldt,c\. 
The sc!c:ond mhetlerization nimply realizes the: full 
possitdit,ics or the charcod. 

It was noticecl that, CC: protection secmatl Lo drop 
on recvhetleriz:Ltion &lough not, seriously. A second 
rc:whetlerizatiori 1owc:rcd the CC; life cvm more. 
‘lhsc: results are shown in Tdde 29. 

‘lbse teds were math: Ht 50-lpm intermittent Row. 
At, 32-lpm steady flow! there is nn increase in the 
CC: AR-50 lives on rcwhetlerixation; (40, 42 before 
rewhetleriz:Lt,ion; GO, 64 dter). This indirfttes that, an 
increase in capacity and a clecreasc: in activit,p for 
CC: has occurred. The PS data arc Loo scanty to 
allow any c:onclusions. 

I~eac:hing of whetlerite is cnrriecl out as follows: 
The whotlcriLe is boiled with m equal volume of 
I /I HCl (tipproximately BN) for IO min, then 
w:~sli~:d free of acid with water, treatcti again with 
acid, washed with water, and the proc:css repeated 
with (jN NH&H. After being washd until neutral, 
t,he material is tlr&ned and tlricd aL 150 C in t,llc: 
laboratory rotary drier. 

hft,er loaching, the chnrcoals are whetlnrizcd &s 
usid. The results of lrdiing on a Gatlc II and a, 
rndioc:rc Grade I are shown in Table 30. ‘1’11~ results 
of various studies on the t,reatment of activntecl 
charcoal with different, solutions prior to whctler- 
ixation a~‘(: shown in Tnblc 31. Various +ypoe of oxi- 
dizing itgents were used. It appears that bucking and 
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TAHT,F. 30. Effect of lenchirtg 011 t,llc I)crformnnce of rcwhetlerizcd cherccral. 

Whctlerite rtnnlysis (:K 
SO 80 

27,27 

64, 63 

68, 78 
39, a0 

75, 65 
. * 

BB, 70 

Gdc IT PC1 
Abnvo rcwhetlerized 
ABC-1 solution 
BL) 1518 le:tched 
Sbovc rcwhctlcrized 
RASC: solution 
Grade 1 PC1 
Above rcwhctlerized 
AK-1 solution 

. ..,....... 
Above rewhctlcrized 
RASC solution 

Snmple 

HD 1515 
6731 

An3 1548 
6737 

Ahove le:tchct 
6732 

1.81 
0.02 

1.36 
0.89 

1.73 
0.00 

1.48 

CII 

9.4% 

5.07 
0.50 

7.80 
5.70 

6.74 
0.00 

7.15 

% A.5 
0.28 

(1.25 
0.14 

0.38 
0.20 

0.16 
0*15 

0.14 

. * 

24.4 
. 

24.6 
26.1 

25.4 
. . 

25.6 

1.97 
0.06 

1.67 
1.56 

2.17 
0.03 

1.69 

TARTX 31. Studies UT the leaching process. 

MlOAI 
cltrrister lives 0” 

Cr 
‘,TT,C 
icku] cc: 

SO-50 
C’r 

1.74 
0.14 
l.til 

1.54 

1.51 

1.58 

1.48 
1.51 

1.65 

c,e 

O.fX 

oiF9 

7.27 0.43 
0.00 0.23 
7.19 0.57 

0.786 0.08 0.29 

0.782 9.04 0.24 

O.F92 

0.845 
0.755 

0.703 

6.79 . 

0.07 0.18 
7.21 . 

8.79 

‘IWW 6741&A 
TNW B741 R-R 
TNW 6741%c 
TNW 6741.bT) 

PCI5lR whetlerized EASC: solution 
Product A IerLchcd 
Product n whetlerized wiOh ASC solution 
PC618 (Activated chercnal) lertched >tnd 

dried tts Product B, then whctlcrized 
with AHC solution 

TNW 67511t PC5 I8 hniled with I / 1 HCl nnd 2yo CrOa 
(char hasis), wished, dried, and whet- 
lerized with AaSc 

TNW 07521t PC5 18 hoilcd with 2N HzROI nnd 2yo 
C>rOs; washed, dried xnd whetlerized 
ASC 

TNW Tr758H. PC518 snaked in l/l TTNOa fnr 15 min- 
lltcs, washed, dried and whetlerized 
with ASC 

TNW fi7G2R 
TN W 6763R. 

TN W 6758X. repe:tted 
PC518 sortked 30 min in ASC #olution, 

w:tshed, boiled with,l/l TTCI, ~~tshcd, 
boiled with l/l NHdOTT, w&cd, dried 
rind whetierized with ASC 

I 

24.X 

2i2 

26.4 

24.7 

25.1 

25.2 
24.0 

23.2 

l.Orr 
0.00 
1.40 

1.21. 

1.18 

1.10 

1.25 
1.14 

I*16 
-. 

55, GO, 61 

7B,’ ix; 7x 

lx, m, 71 

lil, 55, 59 

56, 57 

74, 65, fiG 
51, 71, 60 

53, 56, 53 

. . 

. . 

. 

. 

6fT 

52 

41 
45 

54 

rewhetlerizat,iclrl arc slightly more c:ffcat,ive than 
whetlerization alone, but. not suflieicntly se to just,ify 
the additional Lreatmen t. 

The results on the use of oxidizing agents prior to 
whot,lorization are not, conclusive. Better results were 
oblained by double whct,lerizations than by a wlict- 
Icrization preceded by any other treatment. 

In cvcry case where production PC1 whetlcrit,c:s 
were l~st:l~ed and rewhctlorizod, a very striking in- 
crcasc in Cl< SO-80 M IOAl canister life occurrctl. 
However, laboratory-prepared samples given the 
same treatment did not, shew as great an irnprovc- 
rncnl, apparently because they were prepared under 

controlled conditions which initially came closer to 
realizing tho full possihilitics of the charcoal. It 
would appenr thtbt faulty plant, operation W:~B the 
cause of many mctlioc:rc: or poor whctlcritcs. Ad- 
mit,tc:dly the Icaatiing and rcwliCtlCriz~~tioI1 process in 
itself does result in improvement, but the amount, of 
improvement caused by this treatment does not ac- 
count, for the rcmarkablc diffcrmcc in C: I< W-80 pro- 
tection lx:t,wc:c:n sonn: plum wlletleritc~s and the 
1eac:llr:tl and rcwhetlerized materials prepared from 
thcrn. Present plant practice usually produces excel- 
lcnl products, ordinarily as good as those prepared 
1)~ laboratory procedures. 
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TAIH.E 32. Hesults of spmying or soaking Types A 01’ AS whntleritcs in chrotrlium solutions. 

Sl 

Chsrcoal 
-~ - 

PC-P.58 
PCX -Pm 
Iv-P58 
PC-PSX 
PCI- -1’58 

-,- 

MA 
so-so 

nc 
SC&HO 

45 
32 

c:li 
X&80 

x2 
118 
204 
138 
172 

% Hz0 
equilibrium 

-- ~.- 
23.1 
25.0 

. . . 

In the csrly work on ASC whetlerit,c:, it, was found 
that a Type A whct,lcrit~e preparctl from PC1 char- 
coal could be converlctl to an ASC whctlerite having 
the good qualities of one prepared dirt?ct,ly from the 
bsse charcoal in one step. 6n Spraying or soaking tlic 
Type A whellcrite with an aqueous solution of CrC& 
or with a solution of (NIL)2 004 in exccs# ammonia 
resulted in a product wit,11 Cli act,ivity. Best, results 
were obtained by soaking in an ammoniacal solution. 
Letcr results 82 indicate that cvcn better rasults are 
schicved by the WI: of a solution containing carbon- 
ate. This behavior suggests again that the chromium 
and copper must I,(: in chemical combination in order 
to bc active, since both an ammoniacal and a carbonic 
sol&ion favor the solution of copper from the Typo A 
whetleritc:, allowing it to combine wit,h the chrornatc: 
present in the solution before being r&posited upon 
the surfucc of the charcoal. In Table 32 are shown 
some tube tofit, results obtained in experiments of 
t,his kind.50 

It will be not&t1 that the Ijest, results on the basis 
of tube tests wcrc obtained by use of an ASC solu- 
t>ion. Later work on the sollllion used for conversions 
has shown that a solution containing 8$$ NH,, 5% 
CO2, 3.5%, CrOi, and 0.4% AgNO, produc:c:s the 
best results. 82 Presence of soluble copper, in addition 
to licxavnlent chromium, is essential to the tlnvelop- 
ment of CR life; 1110 solution described dissolves 
enough from the Type: A whetlcrite to produce a 
good producl. An excess of copper tends to reduce: 
PS life. 

Not all Types A and AS whetlerit~csc\~hich are avail- 

ASC. Various studies on this problem w 7y, 8n, R2 
have shown that few of t,he converted whetlcritos 
are (&de I bccausc of: (1) failure in PS protection 
by PCI-converted whetlerites; (2) failure in SA pro- 
tect’ion by Atlas and Rarncbey-Cheney Type A whct- 
lerites (converted) ; (3) failure in CK protection by 
Barnebey-Chency Type AS whetlerites (converted). 

Type ASC: whc!tleritns of borderline qualit,y may 
be obtained by reimprcgnation of existing stocks of 
Type -4 and AS whetlcrites, with Cc: probability of 
get,ting very little Clratlc r whctlerit.e, especially from 
Barnebey-Cheney charcoals. 

It was thought that an additional activation treat- 
rncrit, might! possibly improve t,lle qualities of cc&in 
Type A ant1 AS whetlerit,es which could not, be con- 
vertcd to ASC wlmtleritc. Experiments on reacliva- 
tion have shown that such procedure is not! fruitful. 
ReactivatJion seems to injure PC1 and Atlas Type A 
whetlcrites, and to have no effect on Barnebey- 
Chently Type AS whctleritos. 

At, this time it dots not appear that, reworking 
charcoals is a useful process. Grade II whetleritcs 
that can he improved by reimpregnation are used as 
backfeetl to an extent governed by t,he quality of the 
product obtained. The materials that cannot, be im- 
proved by any treatment are too poor to hc used as 
backfeed. Recausc the only materials that can be 
treated by the rcimpregnation process find a use 
elsewhere, there seems to be littlo advantage in de- 
veloping the process further. 

4.6 ORGANIC BASE IM FRECNATIONS 
Oti CTIAHCOAL 

able in quantity can be converted to :1 satisfactory 
ASC whetlerite. Those materials were produced from 

4.6.1. Rcac-tions of Certain Organic Bases 

bast: charcoals mad{: hefore the effects of pore struc- 
with CK 

turc of charcoal on its suitability For an A& whetler- 
ite wcrc known. It is not possible to product: a (.iradc 

The general reaction of CK with primary and 

I whc:t,lerite from base: charcoal of some types, and it 
sccondsry amines is as follows: 6~ 

is eqrlallyimpossiblc t,o convert Types A antlASwhet8- RNHz + CNC1 + HCl + RNH -CN xubstitlltcd 
leritcs made from such base material int,o Grade I RzNH. + CNCI -+ HC:I + l&N CN cynnnmides > 
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Diethylcnc trinminc 
Triethylene tetramine 
Tctrsethylenc pentnminc 
Ethylene dinmine 
Diethanol dirtminc 
Monoethanol amine 
DiethanoI amine 
Triethanol amine 
l4thyl monoethannl nmirw 
Ethyl diethsnol amine 
Dipropyl wnine 
Diisopropnnol amine: 
r)ihenzyl nmirrc 
Iknzyl ethyl amine 
Diisoamyl amine 
Motpholine 

___ .-- - ~_ ..- ..-~ -. 

The: HCl formed reacts with BWCSS amine> to form the 
amine hydrochloride. 

nant;s for t,he ahsorplion of CK. l~xtcn~ive research 
has been carried out, on a large number of organic 
b:lRc:H in exploratory impregnations. Many of Lhem 
have proven to be capable of yielding an absorbent, 
wit8h a r:ltJher large capacity for CK. A list of the or- 
ganic impregnants which rcmovecl Cl< is ~llomn in 
Table 33.6”! w RY No at,tcmpt has hcen matlc to she\\ 
the test, lives of Lliese mat,rrials because test, condi- 
tions varied will1 the source of the cspcrimc:nLal 
work. All materials Rhown produced :m absorbent, 
much hetjt,er t,lixn the origina,l lmimprc~natetl char- 
cod. 

Of these materials, the most, useful appeared t,o bc 
pyridine, thr: picolincs, and N-cLhy1 morpholinc. The 
rc:urt,ion of CK with pyritlinc, and fi- and r-picolino 
in analogorln to the react,ion with a primary or xecontl- 
ary amine, except that it, iK the hydrogen atom on the: 
carbon at,om adjacent, to the nuclear nitrogrn which 
reacts tlu*s : 

a-picolinc: (cu-,met,liyl pyritline) ifi not active as a 
charcoal impregnant for CX because t,herc is no rc- 
active hydrogen on one of the carbon at,oms adjacent 
to the nitrogen. Rcplacemcnt of one: CY hydrogen by LL 
methyl group apparent,ly renders the other hydrogen 
inactive. 

- 

N-ethyl morph&w 
N-nminoethyl morph&w 
N-hydroxyethyl morpholinr 
Pipcridine 
I’iperrtzine hcxxhydrate 
Ammonium nicotiwttc 
Nicot,ino 
Pyridina 
&picoline 
r-piculitw 
p-7 picoline, corntncrcinl mixtrlrc 
Aniline 
Imidazolc 
N-ethyl acetnmide 
Amino Kuanidinc 
Ixoquirioliric .., -. I -_“, .., ..-~_ .--. 

A number of Lhe matoriuls which produce good 
CK absorbent, are unsatisfactory for WC in a ~SRS 
mask absorbent, dlle to &sorption or decomposition, 
both of which rcault, in an objectionable odor in thr: 
effluent air c;t)rcam. Pyridinc and the picolines when 
used in small quantities do not have t&c disadv:m- 
t,ages and product: a useful absorbent. 

4.6.2 Quality of Pytidinc or Picohnc 
I.rnpregnated Charcoals 

Pyridinc or picoline imprcgnatecl charcoals art: 
extremely active, having a critical layer depth of ap- 
proximat,ely onf? ~111 but tlicy have a fairly low nb- 
sorptivc captcily. The absorptive capacit)y N, for :t 
pyridinc impregnated charcoal is of the order of 
30 mg of CK per ml of absorbent. PCI-ASC whct- 
leritc has an No of from 80 to 190 mg of CJK per ml 
of absorbent, &pending on the base charcoal and the 
quality of the impregnstion.1n1 n/I l&Al canister CK 

lives are of the order of 25 min for the pyridine im- 

prcgnated charcoals compared to a life of 60 to 
70 min for a good ASCI. A comparison of the proper- 
ties of t,hcse materiels is shown in Table 34. 

Pyritline and picoline impregnated charcoals show 
very little, if any, :.Iging effcct,s. 

Rithcr pyridinc: or picolino can be used as an addi- 
tional impregnant for Type A, AS, ASC, or ASM 
mhetlerite. The propertics of the original absorbent 
arc: usually rcteined practically unchanged, with the 
ad&d advant~~ge of a greater reaistence t,o aging. 
Type A and AS, in addition, gain from the treatment, 
somr: measure of CK protection although it is smaller 
than that, of ASM or ASC. (The pyridine or picoline 
containing materials arc designatctl by adding P or 
Pi, respectively, to the: usual designation for t>lie par- 
t,icular type of whetlcrite in question.) 
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l’~4BLM 34. (Jomp:lrison of various types of whetlcrites with pyridinc and p&line conto,ining nhsorberkt PC1 charconl. 
_-. .- -- --. ----- -L-s- .m.--:s - -~ ._- .-. .-WY= 

No C:K 80-M) life 
Tmpregnatjion ihmmcr~t XC g/ml .+s, 2.5-cm tube -- _~~. _~ 

None initial lift 2.!>1 9.7 4. 
3% plyridirq n,queous Fiolution initisl life 2.15 23.4 11 
AS solntion irlitind lift! 3.57 11.1 4 
AS + 3y0 pyridirle initial lift 3.48 30.5 ti 
MC initial life 1.90 83.7 32 
AK ngcd 2X1 hr 2.93 63.2 8 
ARC aged 480 111~ 3.65 54.0 5 
AMU n,ged 954 hr 4.4; 34.5 
ASC: + lyO pyridinc ir;itin,l life I.69 68.5 3: 
AX + lyO pyridinr aged 280 111 1.73 48.5 21 
AM: f 1% pyridirre figcd 4SO hr 2.16 5.5.4 22 
ASC: + 3% pyridine irlitinl I ife 1.5s 3F(.5 18 
ASc + 30/;1 pyridina aged 290 hI 1.97 36.6 1X 
ASC i- 3y0 pyridine n,ged 479 hr 2.03 23.3 14 
ASO + 39& pyridirle aged 1440 hr 2.1s 33.1 12 
lZSC! + 3% pyridinr aged 1922 hr 2.36 31.4 9 
ASC + 3’;5’, pyridinr aged2401 In 2.39 27.4 10 
ASCJ + 3% picoline initial life 2.13 O!).O 23 
,48(: + S”% picolinr agcd247lrr 2.45 63.9 18 
A8C.Y + 30/b picolinc aged 440 In 2.67 61.9 17 --~- -. ._ ,~- 

Tulle td~ility t,o confer great, resisturwe to sging upon on PC1 ASC whetleritc: is 2%. Above this concentra- 
~4% whctleritJes is t,he principal reason for the inter- tion the odor of pyridine becomes detcatable. The? 
c:st, in thcsn organic bases. The initial life of an ASHY upper limit for picolinc is .3 g per 100 ml of solution. 
whet,lerik is very slightly different from those of an Both pyridinc LLnd picoline are scloctively &orbed 
AK:, and in the MlOAl canister t&s is usually from the impregnating solution. 
slightly lower t,han that, of thr? corresponding AK?. 5. Equilibration t,o 8Ooj, RI1 results in the ovolu- 

The organic bases can bc added directly to the tion of considcrahle ammonia from some batches of 
original impregnaling solulion, and t,he impregnated 
charcoal is processedin approsimately the same way 

ASCP whetlerit,c?, but the amount of pyridine de- 
sorbed is not tlctectablc by prcnontJ analytical 

as the usual ASC whetlerite, except that a lower mc:t,hods. 
rnsximum ternperaturc is recommended. 6. The introduction of a uniform, small con~cn- 

The following conclusions are the result,s of numcr- tration of pyridine or picolinc into whctlerite in 
ous studies 47, (i4 on tliesc: impregrisnts: loadrtl canisters does not appear feasible by the 

1. Thr? method of introducing pyridine or picoline aomtion method since a tremendous volume of ‘air 
into the: whetleritc does not afleet tllc! degree to which would hc requirctl tjo distribute the pyridine. 
aging is retarded. The material may be added directly 7. A somewhat1 lower tcmperaturc than that, used 
t,o the impregnating solution or adsorbed by the char- for ASC should be used t,o dry ASCP and ASCPi ab- 
coal or whetleritk from a vapor-ladon air stream. sorbents in which the pyridine or picoline is incor- 

2. The addition of pyridine to ASC whetlcrite by porat,ed in the impregnating solution. At the normal 
vapor treatment does not result in an apprc~cixble temperature used for the laboratory preparation of 
red&ion of hexavalcrlt, chromium. There is some! in- ASC (180 C), frequent ignition of the pyridinc or 
dication that addition of pyridine to the whetlcrizing pic:c.,line-trart,ecl materials occurs. Because the prcs- 
solution results in a lower liexavalent chromium con- enrr of the organic base accclcrates the release of 
t,ent in the finished whetleritc than is found in :L volatile ammonia, a tcmperaturc of 150 to 160 C for 

normal ASC. 2 hr will produce a material which meets t,lic am- 
3. Mising pyridinc:-satllratctl whetlerkc! with un- moniu specification. 

treated whctlerite is a convenient method of prepar- Actual plant production of ASCP whelkrite has 
ing vapor-treated whotlerite. Randing three days in been carried out, in the CWS impregnating plant, at 
a sealed container a~ room temperature resulted in Zanesville, Ohio. The material (officially designated 
practically complete redistribution of’ the pyridine. as Type E 11 irnpregnatctl charcoal) was produced 

4. The upper permissible pyridine conc:c:ntration with existing equipment without difficulty. The only 
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condition changed was the rnaximwn drying temper- 
dure, which was 1owt:rcd slightly. Type Ti: I 1 impreg- 
nat,c:d charcoal showed a slightly greater t,cndency to 
iguitc than MC: whet,leritn at the tempcraturc or- 
dinarily used for MC plant, productJion (400 I{‘). At 
370 to 390 I?, no ignition occurred. The: following 
observations wcrc made at, the time this particular 
plant production was carried out. 88 

1. Type E 11 impregnated charcoal gives slightly 
less protection in canisters against, all gases than does 
ASC impregnated charcoal made from the same base 
charcoal. The extent, of the loss in protection is ap- 
proximately proportional to the amount1 of pyridinc: 
present,. 

2. The CK protection of Type E 11 imprcgnatctl 
charcoal decreases more slowly during moist closc:tl 
storage at elevatotl temperaturas in canist,erx than 
docn Type ASC impregnated charcoal matlc from the 
same base charcoal. The WC of pyridinc, therefore, 
c:onsiderabl.y lengthens the period during which a 
canister gives adequate protection against CT<. 

3. Type E 11 impregnated charcoal can be made 
in existing charcoal impregnating plants wit~hout~ 
difficulty. 

4:. Type E 11 impregnated charcoal can be driotl 
at a lowor temperature than Type ASC imprognat~etl 
charcoal because pyridine appears to accelerate the 
release of volatile ammonia. 

5. Seattle and PC1 Type E 11 impregnated char- 
c:oals containing as much as Xn/;) of pyridine showed 
no significant desorpt,ion of pyridinc and possessed 
no odor of pyridine. 

The inclusion of pyridine, picoline, or other or- 
ganic bases in ASC: whetlerite appears to bc a useful 
method of improving t,he aging properties of this typo 
of absorbent. If such an improvement proves to be 
necessary, practically no changes in existing plants, 
or plant procedures are required to convert to the 
new process. 

It has been observed that aging t,oward CK of 
Type ASC whetlerite in canisters in the field is not, 
as serious as first supposed. IIenct: the advantages of 
the use of pyridine or picoline arc not as significant 
as laboratory tests indicated. 

4.7 ARSORRENT KESIN S AS SURYTI- 
TU’CES FOR ACTIVATEL) CTTAKCOAL 

4.7.1. Introduction 

Simultaneously with the developments in charcoal 
impregnation was the investigat,ion of possible non- 

- 
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charcoal materials which might be used as gas mask 
absorbents. Two distinct, types were investigated : 
(1) reactive materials such as granular magnesia, 
Hopcalito, and aminatcd Xerogels; (2) inert catalyst 
carriers such as silica gel, activated alumina, and 
kicxelguhr which have no chemical reaction with ad- 
sorbates and act chiefly as catalyst carriers. 

The first class of materials have a tlofinite capacity 
for specific agent,s depending upon the amount of 
chemical reaction which occurs with the agent. The 
second group arc able to adsorb vapors to some ex- 
tent, quite similarly to charcoal, and rarely have any 
chemical reactivity with the rnaterial adsorbed. They 
must be impregnated, just, 8,s charcoal, in order to 
gain a satisfactory capacity for specific materials. 
Class I materials have a definite disadvant>agc in that 
t,hcy have a negligible cap:u;ity for materials with 
which they do not react, chemically. 

Among inert absorbents, charcoal is far better 
than any other similar material in having a much 
larger surface area, a more cliversific:tl pore structure, 
and a g;rt!uter absorptive capacity for capillar;v con- 
deniblc gases. Silica gel, activated alumina, etc., 
are not suitable for impregnat,ion with ASC solution. 
No results were obtained in the: impregnation of ma- 
terials of this type which compared favorably with 
the results of the charcoal impregnation. 

In the search for a good CK absorbent many 
Class I (chemically reactive) materials mentioned 
above were tried. Granular magnesia and IIopculite 
showed some abilit,y to destroy CIC at, elevated tem- 
peraturcs, but nom: at room tcmpcrature. htltempta 
at impregnation of granular magnesia were uniformly 
unsucacssful. 

4.7.2 Aminated Phenol-Formaldehy de 

Xcrogels 7n 

Resins of this type were originally developed to 
purify water by removal of acidic ions. In conjunc- 
tiorl with a hydrogen-ion exchange resin, they are 
capable of completely rcrnoving ions from aqueous 
solutions. In the preparation of such ion-exchange 
materials t,he phenol-formaldehyde rcaina were im- 
pregnated with a polyamine such as t,ctraethylcne 
pcntamino. The amine: reacts to form a part of the 
r&n stridure, and yc:t retains part, of its ability to 
act as an amine. For this reason ttic aminated resins 
react readily with CK and certain acid bases. By the 
addition of metallic constituents the resin can be 
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modified to absorb SA and AC. AC: is apparently too 
wtaakly acidic to bc removed by a neutrsliaution re- 
action with the aminat,od resins. 

4.7.3 Preparation 

Aminatcd resins are prt:pared from porous phenol- 
formaltlchyde resins. Tl 1~: porous resin is granulated, 
dried, and ma& to react with a polyaminc, as follows: 

011 C:H&H -ml,- / 
Q 

(::HB 
I 

+ 2NHz(CIIz-CH2-NH)8 

; F1 

0 

-CHz-CH2-NHz-+ 
(tct#:&hylene p~ntnrrlirlc) 

-UT,- 
\ 

C:H&II 
Resin 

(:TT,NII(CH2-(::Hz-NII)8--C:H2 
--CI12- 

n 
’ -CH2-NH2 

v 
ci:H, (aminnterl resin) + 2HzC) 
I /OH 

--SHz- 0 \. 
( :Hz - NH (CIIz - C:H2 - NTX) j - CII, 

- CIIz - NH2 

The polyamine may react with one or more r(:- 
active -CM-OH groups, but experiments indicate 
that, a considcrublc portion of the polyamine mole- 
cules is attached to the resin by one bond only. The 
aminated resin may bc pictured as a large porous 
granule, the exposed tiurfaces of which arc covered 
with molecular flagellae. The! length of the flagellae 
is dctormined by the kind of polyamine used in the 
aminution process. 

During amination the resins swell to an cxtcnt 
depending upon the amount of condensation which 
has t,aken place! in the original rosin. Tf over-con- 
densed (few -OH groups remaining), the resin will 
not, react, will1 enough amine to produce a good prod- 
uct. Under-condensation results in too much amine 
entering the molcculc. The result is that, the resin 
swells uncontrollably and the mechanical strength 
of the product is poor. The resin finally chosen for 
amination wa,s intermediate, and when aminat,ed at 

120 t#o 150 C: it, swelled about lOOoi/,. Upon removal 
of t,he excess amine and drying, a shrinkage of ap- 
proximately 25(x, occurred. The resulting product 
had good mechanic:sl strength and good ahaorptive 
capacity for CK. 

The gas absorbing capacity of aminated resins is 
tlcpen(lent almost entirely upon a chemical rouction 
of thr! gas in question wit,h the aliphatic amine groups 
in the resin or with mctullic: impregnants introduced 
during preparation. Rrsin absorbents have very 
~rmll surface areas comparo(l to a good physical ad- 
sorbc~nt like charcoal (WC Chapter 6). Comparative 
values arc shown in Tublc 3.‘i.71 

Rurf:m Mea SWfnce L,, -7 
from nitmgcrl rrorr1 water 

Adsorbent :t&tlorpt>ion sdsorp t ion 
sy m/g w da -. 

ArnirraM resin TR.-2 (53.0 139 
Arninntecl resin T&4 62.5 1X8 
Aminatted 1~lr1 TH. -4A 59.5 148 
Non-:tminatPd rcsirl TTCX 5/25 164 . . 
NorI-:lrrlirl:tted resin HCR 3/9 108 . . 
Type A whet,lerite 140&I HO0 . . 

Bceause the surface urca of aminated resins are 
approximately one-twentic!th of those of whetlerites, 
it is uppurcnt that their absorptive capacities must, 
be depentlcnt on chemical reaction rather than physi- 
cal adsorption. Tn order lo bo useful for gas masks, 
such absorbent, should bc capable of a specific re- 
action with ever.y possible typo of toxic agent. Rb- 
sorbents of the aminated resin typo arc at a distinct, 
disadvantage, compared to charcoal, bccausc their 
absorptive capacity for toxic agents which did not 
react, probably would be small or nonexistent. The 
property of physical adsorption possessed by char- 
coal is a t,remendous advunt,sge. 

Aminatetl resins exhibit an objectionable volume 
chnngc wit,h variation in the relative humidity of the 
air with which they are in contact. Swelling of from 
15 yO to 25% occurs as the rclativc humidity varies 
from 0%) to lOOy& l3etween 21% and 71 o/O rclutivc 
humidity the corresponding resin volume ~:hungcs arc 
SC% to 12%). This is decidedly undcsirxblc in an al)- 
sorbent to be usctl in a gas mask cunistcr. lmprcg- 
nation with metals which form amine-complexes re- 
duces somewhat the tendency of the resin t,o shrink 
as the relative hl&dity decreases. The effect of such 
irnpregnant)s is apparently to reduce the hydrophylic 
nature of the aminc: groups on t,he resin surface. This 
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result,s in an increased contact angle between the 
monicrcus of the liquid in Ibe pore and the: wall of t,he 

pore. This, in turn, results in a less t:fTr:c:tive exertion 
of the constricting effect of the surface tension of the 
liquid. Thereforc, the mechanical strength of the: 
resin is better ahlc to resist, constriction. The overall 
effect is the lowered shrinkage of the resin. 0n thin 
hypothesis resins with high mcc:hanicnl atrcngth 
should show negligible shrinkage:, and indeed snmr 
resins do show tdlesc propertics. 

When amine resins, m~?tal-irnpregnatetl (jr non- 
imprrgnated, are testctl against CK at, O(& KH, uft,er 
having been dried at, 50 C: and 0 (?& RH , t,hcy show a 
greatly reduced capacity. This loss of act,ivity does 
not, extend to such ga~:s as AC, SA, and HCI. When 
the resins, dried as-above, are testled against a gas 
stream of CK at SOy;j RH, a normal lift is ohtainetl, 
indicating that, enough moisture is taken up from the 
gas stream to restort: its activit,y. A possible explana- 
Lion is t,hat the molccalur flagellae, with which tht! 
CX reacts, may bc: coiled up against, thr: surface when 
dry, and hcncc are not available for re&ion. The 
presence of moiel,tlre makes the flagellae again avail- 
able for reat:t,ion. If this is true, t&n the use of a ma- 
t)erial such as glycerine t,o keep moisture on the: MU+- 
fact, or the complete replacement of the moiatllre by 
a high rnolrt:rllar weight, hytl~~jcarbon (t hr? rcplace- 
merit of thr water film by an oil film to keep the 
flagellw in an extended posit,ion) should result, in re- 
sijfitancc to deterioration upon drying. Accordingly, 
glycerine and clear minorul oil were applied to ami- 
nated resin t,o test, tJlis hypothesis. Bot,h failcti t,o 
ulter the propertics as desired. The t,reatecl mnt,c:rials 
had fair CK protection at O-80 conditions, but, had 
very slight protc:c:t,ion at, O-O conditions. 

Bhrinkagc: (:tm he reclucctl to dmut 9.6 ‘16 for the 
nminatcd r&n, and to 6.CiCx, for the hg& impreg- 
nat,ed resin in :L change of RH from 0(x, to lOO(& by 
careful contml of preparative: conditions and the ad 
tlition of a small amount, of an aliphntia long clmiu 

amine in isopropyl alcoliol to tIlw aminatJion Kohl- 
t8iOIl.7” 

4.7.4 Impregnation of A rninated Resins 

Aminated resins arc impregnated wit,h mot,allic 
const,ituc:nt,x capable of forming stable complexes 
with amines. Impregnation is accomplished hy ad- 
sorpt,ion from aqueous solution. Copper, Giver, 
nickel, c:liromium, ant1 zinc liavc: been usc:c~. Silver 
must, 1~: present, t>o effect, the removal of SA, but, 

proscnce of other metals with silver seems t>o improve 
the a&on. Sh rc:moval is presumably catalytic oxi- 
dut,ion as in t,lia case of mhetleritJcti. AC: appears to be 
removed by c:omplex formatJion with t>hc metal im- 
pregnant,s. hpparcntly t)he metals comljinc: with t,he 
resin by formation of t,he normal ammonia- t,ype com- 
plex. Rminalcd resin capabln of at~sorbing tTF-0 molts 
of hydroc:hloric acid can ahtiorb onr-half mole of cop- 
per, indicating that each m(jl(: of copper combincn 
with four moles of amine, probt~bly in the usn:~l 
amine-complex form [Cu(RNH2)t+]. It, is possible, 
of course, that) part of the copper or other complex- 
forming met,al may b(: absorbed as the mixed nquo- 
amrnino complex. 

4.7.5 E rfect of Impcegnants 

The general &ccl, of t,lie imprc:gnant,s on each gw 

considered may bc srnnmarizcti as follows: 

CK 

With the cxacption of RgJ), all metallic imprcg- 
nnnts tend t,(j reduce C Ii proleot8ion. The cffcct is 
greater when the impregnanl is in the form of a salt 
than when in the form of an oxide. 

s-4 

Silver must, 1~: present, to cffcct removal of this gas, 
which is removed by catalytic: oxidation. Silver may 
1~: present HS metal, cornpot@ or osidn. Wier me- 
tallic const,it1lents prt:sr:nt as oxides promot,e thr: 
catalyt,ic: effect, of silver, although they have no cffcr:l 
in t,hf! absence of silver. 

AC is too weakly acidic to Ij(: removed by amine- 
cyanide salt formatJion. Oxitlcs of met,als capable of 
forming stable cyanides remcjvc AC in proportion to 
t#lie amormt of mc:t,:ll present,. lWr~t,itls capable of form- 
ing cyanide complexes are particularly eflicicnt. Cu- 
pric copper is avoided bf~f::trrw of the possible forma- 
t>ion of cyanogcn. Imprcgnution has litt,lc effect, on 
the capacity of aminatc~tl resins for HCI. Metal oxides 
may improve t,he IICl capacity s1ighU.y. The effect, is 
similar to that, for other active acid gases. 

co 

8odillm nitroprussitlc reactIs with both carbon 
monoxitlc and amines. Hence, by reac:tJion with ami- 
n&t1 resin, sodium nitroprusaitlr! is incorporat,ed 
into the resin, thereby conferring an absorptive ca- 
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pa&y for CO on ihc resin. The reactions proposed 
nre : 

RN& + Na.?[Ec(C:N)aNO] --t 
Keijin 

lt[ --NHJ+(CN)~]Nu3 + NC) 
nitroprusside impregnated resin 

H,[-NIIzFc(C:N)a]Nas + CO + 
Na&Fe(CN)&O] + RNHz 

Thcl reaction with carbon monoxide is not very 
rapid. Resins preparod in this wa.y showed a 90% 
penetration by a 0.1 ‘ii, CO test misture alter 5 min. 
The resin is not, effective enough to be uscfnl in a 
canister’, but may bc developed intro a satisfactory 
material for other purpost~ 

Silver nitrate-nickel nitrat,e impregpatctl aminatcd 
resins and ruthenium chloride impregnated aminatcd 
resins also show some carbon monoxide capacit,y. 

4.7.6 Evolution of Ammonia from Ami- 
natcd .Kesins 

A distinct disadvantage of am&ted resins as gas 
mask xbsorbentti is the evolulion of ammonia when 
used. intolerable conc:c!ntrat,iorIx are found in the 
effluent stream from cr:r&in resins at, normal brc!ath- 
ing rates. Oxygen,moisturo, and free alkali are ac:t,ive 

in promoting ammonia evolution. The: ammonia is 
nttributod to (a) action of water and oxygen upon 
the resin amine groups, with t,he formation of nlco- 
holic groups and ammonia, and (b) the action of 
ammonia prasent in t,hc commercial tctracthylene 
pcntamine on the resin, producing an aminatcd resin 
which is split hydrolyt,ic:ally by moisture t,o form an 
alcohol and ammonia. 

USC of an anti-oxidant to reduce reaction (a) rc- 
sultcd in decrcasod SA prol,oc:tion without’ apprt:- 
ciablo decrease in ammonia evolution. The best, 
resins from the point of view of low ammonia evolu- 
tion were produced by washing t,he aminated resin 
with water prior to impregnation with silver oxide. 
The resulting imprcgna,ted aminatctl resin had only 
,a slight odor of ammonia. 

4.7.7 Other Types of Absorptive Resins 

The very reactive -C&O11 groups in phenol- 
formaldchytle resins are capable of reacting with sub- 
sta,nces such as Na2HS03, FL& PH3, etc. The result- 
ing resin contains the groups -CH2, -S(&H, ~C& 
-8H,, --CHZ-PHt, et cetera. These yeuctivc groups in 
turn are capable of a variety of reactions and there- 
fort offer the possibility of the cleveloprncnt of a spe- 
cifio absorbent for any particular material of known 
chemic::J properties. 
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By W. Conmmy Picrce and Thurston Sk:ei 

5.1 LNTROD UCTION 

N EXT TO INITIAL IWWEC:TION the mt)sL important 
requirements for a gas mask canister arc that 

th(! adsorbent, shall not, dnt,oriorate will1 age and Lhat, 
the: canister shall have mc:c:h:tnical strength to remain 
cffcctive after rough usage. While it would 1~~: possible 
to provitlc for frequcnl, and periodic replsc:c:ment of 
gas mask canisters, this would c:nLail a tremendous 
additional burden on supply organizations. It is 
highly desirable to provide canisters whose lives un 
der normal c:onditions of use are in excess of A to 12 
months. Throughout, t)he gas mask development pro- 
gram much emphasis has been placed upon surveil- 
lance and rough-handling characteristics. 

Prior to the development of ASC whetlerito, the 
only srrrveillanco problem concerning the gas ad- 
sorbent was ttic effect, of moisture on performance. 
It, is now well established that canisters issued to 
field troops pick up moisture to an amount, dt:pcnd- 
ing upon the prevailing rclat,ive humidity. This hap- 
pens whet&r the canisters are used or not, but the 
rate of wut,cr pickup is much fast,cr if the canisters 
are being worn. A canister worn for 10 to 15 hours in 
rainy weather may be completely equilibrated wit,11 
water vapor. Tn the tropics, the equilibrium amount 
of water adsorbed by charcoal is about that, which 
corresponds to equilibration at 80 “%, RH. 

The Type A whetleritc: used in U. S. canist,cm prior 
to 1943 was fairly stable indefinit,c!ly as long as it, re- 
mained dry. In the period before the war, gas masks 
were packaged in tin cans to insure dryness of the 
charcoal until the mask was issued. After a mask was 
issued, the protection against some gases fell off 
rapidly as water was picked up by t.hn charcoal. The 
protection against CC was not affected, but the PS 
and AC protection was lowered somewhat, the latter 
because of the CzN2 penntration which occlnrecl 
when a humidified canister was exposed to AC: 

2HCN + CuO mois_t Cu(CN)t + Hz0 
~C:U(CN:,~ --f 2CuCN + CzNz. 

The CX and SA prot,c:c:Lions fell to nearly zero as the 
moisture cont)cnt approached the: saturnt,ion value. 

Because of t,he effect, of moisturt: on protrction and 
the: knowletlgc that moisture is absorbed when wm- 
islers arc used, the British have (and still do) “wet 
up” the charcoal in manufnc:Luring. They use a cop- 
pered chr~rconl which is sprayed \vit,h dilut>c: silver 
nitmtc: n solution Lo a wat,c>r content, about t,wo-thirds 
the moisture saturation value [MSV]. By addilion of 
water, CC: protnction is gained without use of the 
heavy CuO imprc:gnation which is ncccssary Lo im- 
part dry CC protection. hfler humidific:fttion, Lhe gas 
protect,ion of the: British canister is about t,hc same as 
that, of corresponding IJ. S. canisters with Type A 
whctlcrite; b& are wcuk in CK and AC protection. 

The recognized weakness in 80-80 CT< pro& tion 
led to attcrnpts at, improvemt:nt.17~ 21 The most prom- 
ising of those, prior to the ASC development, WM the 
thiocyanat,c treatmunt (see Chapt8er 4). This was 
never put, into product,ion because Type: E ci whet- 
lerite was not stable in storage. 

The problem of CK prot,ccLion at high humidity, as 
well as improved AC prot,c:c:tion, was solved by the: 
development of the ASC process which went into 
production in 1943. Shortly after t,his process was clC- 

veloped it was discovorcd that it, too, had surveil- 
lance problems. When an ASC whetleritc has become 
humidified and is then stored in absence of air, par- 
ticularly at elevat,cd tempcrutures, it,s effectiveness 
toward CK and AC decreases and, in t,he limiting 
case, t,he protection becomes equivalent to that of 
humidified Type A whetlerite. In normal times, adop- 
tion of the ASC process would doubtless have been 
postponed for perhaps a year or t,wo, pending a thor- 
ough surveillance study. Howcvcr, because of the 
emergency and the knowledge that, ABC at its worst 

b Silver nitrat,e is added to impart SA protection. This is 
pcrhxps unnecessnry, since no good method IUP, yet bec~l found 
to disperse Sh; hut, Gnce it, ad& littlc to the cost,, the IIRC of 
silver is continued na :t prccnution. The same is true of silver 
in U. 8. ASC whetleritjc. 

88 
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would never be inferior to Type A whet’lerite, it was 
decided to initiate production and, if n.ecessary, pro- 
vide for frequent canister replacements. Concur- 
rcntly, very extensive surveillance tests were made.’ 
Current opinion is that, the aging of ASC whet,lerite 
under field conditions is not a serious problem, but it 
is recognized that some loss in protection does occur 
with use and that a canister cannot be continued in 
service indefinitely. The experimental programs and 
the data on which thcsn conclusions are based arc 
reviewed in the following scotions. 

5.2 SUKVEILLANCE METHODS 

5.2.1 Early AX Surveillance 

The first studies of the stability of ASC whetler- 
ites were made under conditions which were known 
to give accelerated aging. Equilibrated samples wcrc 
stored in sealed bottles 2~ 3 at elevated temperatures, 
up to 85 C. Control was by CR life tests, since it had 
been found that the first and most important effect 
in aging was a loss in CK protection. ht. this stage 
tube tests were used, since the available sample was 
usually small. From these early tests the following 
facts became apparent: 1 

1. Tube tests are not, reliable indices of the pro- 
tection given by a sample in the thin-bed canister 
such as the MlO, which was in use at the time of the 
tests. A sample which appeared to have undergone a 
slight decrease in effectiveness, as judged by the tuhc 
t,cst, life, might give zero life in an M IO canister. 
Later, it was recognized t,hat the first, step in aging 
is an increase in the critical depth while the capacity 
remains about const,ant,. Because of this, the tube 
lift did not drop greatly until the sample was badly 
aged. This is shown in the tube and canister data of 
Table 3 in Chapt,c:r 2. 

2. The accclcr:rtctl aging was too severe. All sam- 
plos soon lost CK protection and became equivalent 
to Type A whetlerite. This ext,reme aging did not 
pcrrnit any conclusions regarding the stability which 
an ASC-filled canister might, have in ficltl usage where 
conditions are not so drast’ic. 

3. The rates of aging were found, cvcn by tube 
tests, to vary from one t,ype of charcoal to another. 
This is discussed later. 

4. The prcxnncc: or absence of air and the moisture 
content, of the! charc:oal played important roles in the 
rates of aging. 

5.2.2 Canister Aging Programs 

When it was recognized that absence of air and 
elevated t,emperaturcs drastically accelerate aging, 
and that canister tests are necessary for control of 
aging programs, the attempts to conduct accelerated 
aging programs wit,11 tube tests were discontinued. 
Instead, efforts were made to set up conditions sim- 
ilar to those found in the field. Wit,h these changes, 
it, was realized that accelerated aging procedures may 
produce misloxding results because of effects which 
may not bc present in normal use of a canister. 

A variety of conditions has been employed in 
the aging studies of the Chemical Warfare Service 
[CWS] and National Defense Research Committee 
[NDRC] laboratories. 

JICIWEWOOD AI~SENALCHAMBEBG'~ 

To simulate various climatic conditions the fol- 
lowing canister storage chambers are used at Edge- 
wood Arsenal : 

1. Arctic: operated at -40 F and saturated RH. 
2. Desert: operated at 150 F and 107, ItH. 
3. Tropical: operated at 113 F and 87’Z, RH. 
Canisters are either placed open in these chambers 

and allowed to take up moisture or, in some tests, 
particularly in the tropical chamber, pre-equilibrated 
canisters may be used. 

NDRC CYCLIC: CIIAMBER~, 7 
This chamber was designed to operate with cyclic- 

temperature changes to simulate day and night vari- 
ations, on the assumption that the “breathing” of 
canisters might have a different effect on aging than 
constant temperature conditions. Daily operation 
was for eight hours at, 130 F and 60% RH, and six- 
teen hours at 90 I? and 90% RI-I. There was some 
lag in the t,ransition period from one condition to the 
other. A continuous automatic record was kept of 
both tt:mpcrat,uro LLIU~ humidity. 

Stomp Methods. A variety of storage methods 
was tried in the NDRC cyclic chamber as quest>ions 
arose about the correlation of 1at)orator.y and field 
results. The following were usctl for bulk charcoal: 

1. Closed-dry: samplas were sealed in pint fruit 
jars, with ns received moisture contents. This repre- 
sented unused canisters in storage. 

2. Open-dry: samples were originally dry but 
were stored in open containers which permitted ac- 
cess to humid air. ‘l’hcsc represented canisters after 
issue, originally dry, but exposed to atmospheric 
humidity. 
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3. Open-wet: equilibrated samples (80CXj RTI) 
wcr(: stored in open containers. 

4. Closed-wet : ecluilibrated samples were stored 
in tightly sealed jars. This condition represented 
canisters which had been used, then tightly stop- 
pcred by plugging the inlet and outlet. 

Since storage of bulk charcoal was always open t,o 
the objection that reloading into test, canisters would 
mix the outer and inner portions (which might, havr: 
different, moisture contents) the morr: important 
surveillance programs wcrc c:arric!rl out, wit,11 four 
types of prcloatlctl canisters stored in a variety of 
conditions. 

7% Yypes 0f Cunister-s. The four lypcs of canisters 
used included the following : 

I _ MlO, old style, y&in. ba[lle.” 
2. MlO, new style, x-in. baflle. 
3. MlOAl. 
4. MI I. 
Stornge C~~oaditions. The more important, st,oragc 

conditions were : 
1. Sealed-dry: canisters were scaled, as in normal 

depot, storage. This nimultl,tc:tl tlcpot, storage in a 
tropical climat,c:. 

2. Open-dry: canisters were storctl with t,hc: inlet 
valve in place: but with the: nozzle opm so that there 
was fret access to moist a,ir. This represented the 
condition of canisters issued to troops, that were not 
ua:d but stored in carriers permitting free access 
to air. 

3. Sealed-part>ially eqiili tw:ltfd : tliis roprc:nr~ntetl 
canisters which had picked up some moisture in Lhe 
assembly plant, and had then l)c:cn n~al~d ~tnd put in 
depot storage. 

4. Open-wet : canisters wcro c~quilit~r:~t,r:tl at 80 x) 
RII, then storotl open. ‘l?lis condition purlially sim- 
ulated canisters which had been worn a few hours 
in a humid climate and were then st,ored where they 
might have access to fresh air. 

5. (Ipen-wet carrier: limited numbors of canisters 
were stored wet, completely asscmblctl in the: carrier 
with which tho c:anist,c!r is normally IISC~. This con- 
dition was ttic: most rcalixt,ic approach to actual field 
use since the asscmblcd mask in it,s carrier does not 
have complet,ely free: air intc~rc:liangc: with the sur- 

1) The bnffle in radid-flow canixt,crs cnver~ the end tectiona 
of the ccrdral tube. ltt3 function is to prevent :I gac; clumncl 
4, the top or bottom of the adtjorbcnt bed if thr: packing 
~houlrl become looseucd hy rough hsndling. The fir& Ml0 
cnnisterti had x baillc N in. in length, but later this W:LB 
changed to x in. to gain the added protection of WI :&Ii- 
tiotd length of chnrconl nt, each end. 

rounding atlmosphere. Of particular int)crc:st, wc:re t ho 
tests with Ml. I canisters in M7 cnrricm, which arc 
practically airtight. 

FIELD TEXTS 

From the beginning, it was realized that labora- 
tory aging tnnts wcrc useful to indicate the rclativc 
stability of samples, but that there was not 3 direct 
correlat,ion between the useful lives in laboratory 
surveillance and in the field. It was very difficult, 
however, to obtain canisters of known hist,ory which 
had been in field use in tropical climates, and it was 
not until February 1945, that reliable data mere ob- 
tained for canisters of known history. The availahlc 
field test8 data are the following: 

I. Wearing tests (I) at Camp Sibcrt,, A1at):lm:t.4~5 
In ttic! summer of 1913, canisters wilh various types 
of absorbr:nt,s wcrc issuoti t,o troops at Camp SiberL 
These were used in normal t,raining activit,ies for 
three months, then withdrawn for gas testing, 

2. Wearing tests (II) at Camp Sibert. Following 
a wearing period from Scptcmbcr I9,13 to May 1911;; 
canisters were tested against gas. 

3. Canisters from Finscl~ufcn.“n In Septeml:)c:r 
1944, wearing trials were contluc:td :k ll’inschnfeu, 
New Guinea, for the purpose of obtaining tInta on t,hc 
magnitude of ammonia evolution ~mtlcr tropical (‘on- 
dit,ions. At, the conclusion of these t,ests, s&c:trd Ml, 
MlO, and M IOAI canisters were sent to t,he vnited 
StaLcs for gas tan%. l’hn canisters did not arrive unt,il 
early in 1945, almost, a .yc:ar after some of t,hem hnd 
been issued. 

4. Miscellaneous cunistcrs rc:t,urnc!d to ICdgewootl 
Arsenal for testing.’ Numbers of canisters hal-e now 
been gas-tested at Edgcwood Arsenal, aft,er return 
horn the field. Unfortrrnatcly, in most, cases, t)hc:rc: 
were not any data regarding the: tlatc? of issu(l, the: 
amount of wear, the amount of water picket-l up in 
t,lic: ficltl, and the amount, of time spent in t,lie tropics. 

5. San Josh canisters.’ Selected canisters were 
equilibrated at, 80’y0 RH, assembled with the musk, 
ttnd stored for three months in t,hc open at, San Josh 
Island near Panama. They were then rc:t,urnr:tl to t,he 
laboratory for gas tests. Both MlOhl and Ml 1 c:ln- 
isters were used, each st,ored in t,tu: csrricr no~m~~ll~y 
used. 

5.2.3 Results of Aging Studies of ASC 
Whetlerites 

This section presents a r&umC of the: present 
knowledge regarding 111~ ugin, (r of ASC wlict,lerites 
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and the factors which aontributc to, or accelerate, 
the rate of dntwioration. From the thousands of t&s 
which have: been made, quite definite conclusions can 
now bo drawn. These are based chiefly upon data 
from Nl)IX reports, but are confirmed by cstenaive 
data from t)llc CWS lal)oratories.“-‘4 

MOIST STC)HAC:IC 

When an GSC whctlwitc: is stored moist, the fol- 
lowing changes occur: 

1. The 80-80 CI< protection drops to that of the 
bast: charcoal; that is, the offoct of the impregnant, 
disappears. 

2. Hnxavalcnt ohromirnn is reduwl to the: trivu- 
lent state. Thwc: appears to br, for a given sample, a 
correlation br?t~wcx%~ tlia rat,c of loss in CK protection 
and t,he rate of rcxluction of chromium. 

3. The AC protection at high humidity dowcases, 
but at a slower rate than the CK protection. Evcntu- 
ally, the AC protwl,ion bncomes that of Type A 
cvhetleritw. 

4. Thcrc: is some decrease in !.% protection.‘* * 
This appears to be due to a decreaw in activity of the 
adsorbent and not to a change in capacity. It is not 
of practical irnport,ance. 

5. The protection for SA and PS is not affected by 
aging but is dependent upon the: water’ content of the 
charcoal. 

IRATE OF AGING 

Thr: rate of aging is :~~fic:c:tc:d by the following 
factors: 

I. Presenw or absence of air.%, a Moist, namplcs in 
a sealnd wntainer age far mow rapidly than if free 
access to air is pert&ted. Ox.ygon is cons~lmecl and 
carbon dioxide formed in the aging process. In a 
sealed container, all the oxygen may be used. 

2. Amormt of moisture: adsorbed. Partially c:qui- 
Iihratcd samples age more slowly than those which 
contain saturation amounts of water. The end result 
on prolonged storage is t,lic: sarnc regardless of th 

water content,. 
3. Tempnrat,urc of storage. Thnrc is a large tem- 

perature coc&ient for the reactions which occur on 
aging. Numwical values for this t,ompcrature coefi- 
cient, have not been determined, but all data inclicat,c 
that as t;he temperat,urn is clcvated, aging is accel- 
e&cd. 

Samples which arc stored dry and kept, in a dry 
condit~ion are quite stable. Canisters in tlcpot storage 

probably remain usable for years if they arc originally 
dry and are kept dry. At present rcplatcerncnt can- 
ist,ers are sealed in tin cans at the time of manufac- 
ture. It, is extremttly importlant to take every possible 
precaution to insurt! t,hat no moisiture is picked up 
by the charcoal prior to scaling, since even slight, 
amounts of rnoisturc: cvcntually cause aging, par- 
t,ioolsrly in the absence of air. In humid weather, any 
delay in the assembly line may easily permit, adsorp- 
tion of cnougb water to cause aging. An M IOhl can- 
istcr sh01dd not cont,ain more than 5 to 10 g of water 
w1w1~ put; into storage and preferably the amount 
shordd be less than 5 g. 

The rate of aging varies with the base charcoal 
used. This is illustrated in tlw uocclcrated aging data 
from Edgcwootl hracnal shown in Table 1 for a wri- 
et.y of baw charc:oals. hvailablc data indicate that 
the rate of field aging is rclativcly in the same ortlcr 

for those samples as in tlic: aaaclerated aging. 
Scvcral points of interest may be noted in Table 1. 
1. The Ml0 canist,ers subjected to scxlcd-wet 

aging at 113 F bad aged badly in thrco days. From 
other data, it is now known that, this is tluc to a rapid 
increase in the critical bed depth for CK and that at 
slower flow-rate tests these canistcw might still give 

good prote&on. 
2. Vrom the open-wet, data for MlOAl canistws 

it is seen that PCC, SeatItle, and Atlas apricot ohar- 
coals give the best initial lives and st,ability and tha2t 
most, of the nut-shell charcoals dctwiorate rapidly. 
It is bccw~c of this that most of the present, prothlc- 
Lion is of PCC and Seattle charcoal (see Chapter 3). 

3. When the canister is st,ored open-dry in a humid 
atmosphere, the rate of aging is far less thrl if t)he 
charcoal is equilibrated before storage. 

In view of the varying &ability exhibited by dif- 
ferent base charcoals, present, whctlcritc specifica- 
t,ions (No. 197-52-123 C, I1ecembcr 20, 1944) cow 
tain a stability clause: 

C K PROTECTION E;BFECT 
The first, effect, nototl for CJK protection on aging is 

an increase in t,hc critical br:rl dcpth.(See Table 7.) 
Later, as aging proc:wds, tliwc: is a drop in capacity 
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Atlas w 
Atlas OW 
Atlas C)A 
Seattle 
PCC 

PCC 
FCC 
Seattle 
Seattle 
nc pccnn 

nc pecan 
BC flash hake coal 
BC std extruded coa 

BC mixed nutshell 
BC peach pit, 
Atlas apricot 
htlas walnut 

BC 
SattIe 
Atlas 
Atlas 
PCC 

Atlas W 
National Carbon 
Seattle 

PCC 
BC pecan 
-“_,” 

", 

I 

"- 

" ._ 

C 

TABLE I. Summary of tropical storage surveillance data, ASC imprcgnatcd charcoal. 

Td 
NO. 

ID-239 
ID-244 
ID-25 I 
H&140 
AD-255 

,“-_ ^_ 
BD-106: 
AD-255 
HH-529 
HH-531 
CC-I 105 
_ ““,.- 

. 
* . 

. . 
. 

* * 

A-116 
HD-140 
ID-244 
ID-239 
AD-255 

Approxi- 
mate. 

date of 
mfg. 

I !>43 
1943 
1943 
1943 
Sept. 194: 

Jan. I944 
1943 

. 

; ($4 
_,. .___ 
1944 
1944 
1944 

1944 
1944 
1944 
1944 

1943 
1943 
1943 
1943 
1943 

1943 
1943 

ID-251 
196BlX 
:omposite of July 1944 

production 
name 
Ramc 

,. 
MlO(s”) 
MlO&“) 
M10(%“) 
MIO(s”) 
MlO(%“) 

MlOAl 
MlOAl 
MlOAl 
MlOAl 
MlOAl 

MlOAl 
MlOAl 
MlOSI 

MlOAl 
MlOAl 
MlOAl 
MlOAl 

MlO(w’) 
$;;‘%“’ 

Ml0 
Ml0 

Ml0 
Ml0 

Ml1 
MI1 
Ml1 

CK gas lives X&80, 50 lpm 

Yoncn. 
CK Original 

After simulated tropical storage 

w/l min 3 days 7 day8 14 days 
min rnirr min 

4 14, 16 3.3 2 2, 1.5 
4 12, 14 2.5, 2.5 1,2 2,l 
4 12,14 2,3 1, 1.5 1.5, I.5 
4 14, 16 4, 3.5 2.75. 2 3 
4, 21, 23 6, 7 6, 5 4, 4.5 

4 57 48 40 41 
4 43 31 27 15 
4 50 .* 30,31 . . 
4 43 22, 27 
4 44 ii, 25 16, 12 ii, 19 

---- 
4 26 12 5 
4 35 30, 30 11, 21 ii, 20 
4 46 31 10, 28 21 

-.“- -.-- --“I- ~ “,____ 
4 53 36, 33 15, 20 26, 20 
4 29 21, 25 9, 11 12, 16 
4 82 . 52, 56 . 
4 56 3,3 . 

-- 
2 months 4 months 6 months 

rnirl min min 
2.5 21 7 3 2 
2.5 55 26 6 5 
4 10 4 2 1 
4 21 5 3 1.5 
4 26 13 5 4 

4 18 5 4 1.5 
4 35 23 6 2 

4 32,29 1&,21,15(D).. I. 
4 25, 27.5 27,27,22 (D) t . 
4 26, 21 8, 8, 6.5, (D) . . . 

r 

s 

- 

,- 

3 

- 

be* Rcfcr- 
tored ence8 

---. 
A TCIR35 
A TCIR 35 
.\ TCIR 35 
A TCIR 35 
A TCTR 35 

-.-, - 
C TCIR 153 
C TCIR 210 
c: TClR 210 

: TCIR TCIR 210 189 
-- --- 

c TCIR 210 
C TCIR 179 
C TCIR 179 

C TCIR 179 
C TCIR 210 
C TCIR 210 
C TCIR 210 

n TCIR 110 
B TCIR 115 
H TCIR 172 
B TCIR 175 
B TCIR 158 

B TCIR 1% 
B TCIR 188 

n 
B &IR 188 
n TCIR 1X8 

* A Canistem equilibrated to 80 per cent relntivo humidity and tie&d airtight before storage. 
I3 Canistcra stored with upen noaeles, WA eyuilihrated hefore &mane. 
C Canister@ cquilihralcd lo 80 per cant rclalive humidity, lhcn Wxed, with nuzzles upcn 

and a further increase in critical bed depth. Because than 50 lpm, which corresponds to very vigorous ex- 
of the bed-depth effect, aging occurs far more rapidly crcise, a badly aged canister may still give very good 
for a thin-bed cunistcr, such as the MlO, than for one protjcction against CK. Further data in substanti- 
of thicker bed dept’h, such as the MlOAl or M9A2. ation of this are shown in the following section. 
Another consequence is that a canister which is ap- 
parently badly aged, as tested at, high flow rate, may 

CAN,sTERs USC,, ,N FrELD 
h ’ 

still give excellent protection at a lower flow rate. The overall picture for canisters which have been 

This is shown in the data of Talk 2. used in the field for various lengths of tirnc is quit,c 
reassuring. 

TARLW 2. Cli lives at diffcrcnt, flow r&s MlOAl 
canister. Lift in mimrtcs. 

New Guinea. Canisters from wearing t,rials in 
~~ New Guinea were ship& to the United States in 

Conditlorl 50 lpm I6 lprn Septernbcr 1944. These canisters had been worn for ----- “, . . . ..- 
Original 40 280 14 hr. Some were freshly issued from dopot stock and 
Aged 5 120 -- “. others had been issued at, the POE in May 1944. 

Data for the water contents and gas lives are shown 
Bince a flow rate of lci lpm is far more typical of in Table 3. Since the tests were made in P’cbruar.y 

breathing rates under normal exercise conditions 1945, the period of use may be taken as the total 
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Date 
issued 

-. I 

5/44 
5/44 
8/31/44 
8/31/44 
I!>43 

TAIXLE 3. Dstrt for used canisters from New Guinea. 
_^ .-. 

can. 
NO. 

621 
622 
718 
719 
894 

Type TYP Lot 
can. chnr. nurnhcr 

_” .,_-- 

CK AR-80 performance 
4 mg/l, SIP indi&or 

MlO AD JJLs4-61 23’“.“- 31 44 60 24 173 
M1O AD JJ-3-4-5 23 32 44 :: 57 18 155 
MlOAl fT1-T SC-1242 4 19 36 . . 55 a4 299 
MlOAl CC EV-10-4-5 7 23 40 55 52 229 
MIA1 AD EV-C941-6A t. :: 58 3 42 

5/44 
5/44 
g/31/44 
s/31/44 
1943 

CK 8680 performance 
4 mg/l, STP indicator _ .,- 

623 Ml0 BD JJ-&43 33 E 45 49 58 13 135 
626 Ml0 AD JJ-3-4-5 24 44 50 58 151 
726 MlOAl HH SC-l&b12 5 14 32 53 50 

:i 
214 

736 M1Ohl cc EV-10-4-B 6 17 34 57 59 23 210 
896 MlAl AD RV-C94l-6A . . . 2.4* 61 2 36 

AC W80 performance 
4 mg/l, A& indicntor 

5/44 627 
I I 

Ml0 AD 
a/31 I44 722 MlOAl I I 

JJ44-2 
HIT W-15-4-2 

8j3Jj44 ) 7110 ) MlOAl ) CC ) Xv-10-4-5 ) 5 1 14 ) 38 ) 81 ) 54 ) 50 ) . . 
.,^- 

CG AR-50 performance 
10 mg/l, KI-acetone indicator 

I- S/31/44 ) 7111 / MlOhl ) CC ] EV-l&4-5 1 7 j 19 ) 38 ) . . 1 55 ) 49 ) ., . 
-.- “,_ ,- 

CG B&50 performance 
IO q/l, KI-ncetone indicator 

:$;,44 j ;i: ( :::A, ( k: / ::%%2 / 5 / :; 1 it: ( EC--1 2 j :x 1 ::: 
,“_ x 

SA H&80 performance 
4 me/l. KM&-IIrL indicntor 

elapsed time from the date of issue to Vcbruary 1945. 
In shipment, the canisters were intentionally left un- 
stoppcred, to permit xt least a limitcxl access to air. 
Weights were recorded before and aft,er the wearing 
period, and after arrival in the U. S. some canisters 
wcrc ksted as rsccivcd and some at, 80-80. 

The data of Talk 3 show that the CK protection 
was still good, parlicularly at, a 25 Ipm flow rate, ard 

protection for other gases was apparently unim- 
paired, as judged by comparisons with data for frcxh 

cnnistcrs. The water content of the used canistc!rs 
was almost up to the ROO/0 RI1 equilibrium value, but, 
thr: MlOA 1. canistcrw which were issued from tlcpot 
clocks at the fitart; of the test had gained only ahout 
two-thirds the saturation value?. 

These tests provide the most, reliable information 
available at prcscnt for field aging, and they indicate 
that average Ml0 and M I OAi canisters in the field 
give good protcclion. 

CRI Tkater. Tests at Edgewood Arsenal on Ml0 
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NW 
_ “... 

41458 
414813 
4152R 
4155B 
4174T3 
417m 
4177D 
418OTI 
41xon 
419m 
4192L) 
41947) 
4195TI 
41!L5D 
414m 
415013 
41548 
415613 
41781.) 
4179D 
4LHID 
41821) 
416RB 
4183D 
4184D 
418911 
4187T) 
41X8D 
41448 
4151H 
4185D 
~119AD 

^-- 

TABLE 4. lhts fnr uvcd cn.nixtcrx from Cl31 thcntcr. 

Type 

MISAl 
MIXAl 
MTXA I 
MIXAl 
Ml0 
Ml0 
Ml0 
MI0 
MI0 
Ml0 
Ml0 
MI0 
MI0 
Ml0 
MlSAl 
MIXAl 
MTXAI 
MIXAl 
Ml0 
MI0 
MI0 
Ml0 
MlYAl 
Ml0 
MI0 
Ml0 
Ml0 
Ml0 
MlXAl 
MiSAl 
Ml0 
Ml0 

TTurnidity 
ctl,n Air 

80 
80 

if7 
80 
80 
x0 
80 
80 
HO 
x0 
80 
so 
X0 
80 
80 
SO 
80 
130 
so 
X0 
80 
30 
50 
50 
50 
50 
50 
50 
50 
50 

50 
50 
50 
50 
50 
50 
50 
50 
<- 23 
50 
2.5 
50 
50 
25 
50 
50 
50 
i) '0 
50 
50 
50 
50 
a2 
50 
50 
32 
32 
32 
32 
x2 
82 
32 

(Xi 
Cli 
CK 
CR 
Cli 
CK 
(:I< 
CK 
CK 
CK 
(:I< 
Cli 
CR 

;; 

Rh 
8A 
SA 
s.4 
Is.4 
SA 
Sh 
CG 
CG 
( !I: 
CG 
AC 
A(.! 
PS 
PS 
I’S 
PS 

and MIXAl ranislcrx uxcd by Iroops in the CBI 
theatIer gave the data of ‘l’abl~ 4. The MIXAl can- 
ist,nrs cont,ained only about 9 to 17 B/o moisture when 
rcc:c:ivc:d, indicating that, they had bocn uscti vc:r.y 
litllc and had l)c>c:n kept in :L rather dry place:. Ml0 
canint,c:rs containc:tl about 30 g of wat,(!r or three- 
fourths the: MSV at, 80 (j& li,H. MlXh 1 canisters W(W 
tested as rc:c:c:ivc:tl; part of the: Ml0 canisters wcrc 
eq~lilibrated hefore testing, some were dried, and 
some were t,ested as received. Breather tests were 
made a2t 50 and 25 lpm and const,ant flow tests at 
32 lpm, the choice depending upon the conditions in 
use for the various gases. 

The data of Table 4 show that, the! C331 t,llr:atr:r 
canisters have aged in CT\’ protection hut; that, the 
life is still good at low flow rates. Thcrc is no ol,vious 
deterioration in the protection for other gssc:s. Since 
the M 10 canisters were from a lot manufactured in 
1913 and the tests were matlc in 1945, it, would ap- 
pear that, in gcncral, t,hc canist,c:rn used in the field 
give adequate protection. The data for MIXAl can- 
istcrs were included merely for a c:ornparist)n as they 

Chcerkratiorr life 
mK/l min 

3 
7.5 
4.5 
3.5 

27 
19 
18 

3 
55 

ci 
7# 
23 
I4 
x4 
17 
27 

:I 
13 
40 
52 

7 

7: 
1X 
20 
34 
23 
25 
26 
I7 
10 
1 !.I 

are not, currently used by comt,at, troops. Obviously 
these canisters are weak in CK and Sh protc:c:tion. 

Nan Josi! Islnnrt. P’cw data WC yc:L available lo1 
Geld surveillance of the Ml1 canister. In view of the 
known fact that free access to air is beneficial in pre- 
serving CK prot,ection of moist ASC whetlerite, it, 
has been feared that, the Ml I. canister stored in its 
airtight carrier will not stand up ns well as M IO and 
M I Oh I canisters. T&oratory findings confirm this 
view. Only one c:arc:fully aontrollctl ficltl cxpcriment 
has been rcportctl. Frt:sh canistcrx WIYC equilibrated 
at Soul, 1tH and stored, asscrnl~lctl with the mask, in 
the regular rarriers from April to September 1944 at 
San dosi: Island, a typical tropical location with prc- 
vailing high humidity and a mean temperature of 
80 to 90 F. CK test data for these canisters are shown 
in Table 5. It is seen from these data that the Ml 1 
canisters deteriorate much more rapidly than M LOAl 
canisters but that af%er 5 to li months (elapsed time 
from equilibration to testing) there is still ample pro- 
t,ection at 25-lpm flow rate. These data do not, indi- 
cate that MIl. canisters in the field at prencnt lntvc 
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TABLE 5. Compa.rison of (JK protection for MlOAl and Ml I canistcrx apxi in carriers for 5 to 0 month. 
L - . . . A - .  .  .  ~-,- :--. .-- .- --.. ,,,- 

H@ canixtc1 CK life (hather pump)* 
NO. TYP Pillirlg grfxms 50 lpn 25 Ipm 

-._-- -_-- 
(:ontrol MlOAl PCT 25 43 . 
Control MlOAl PC1 25 46 . . 

1 MloAl. PCI 26 36 . . 
2 MlOAl PiI 27 24 . . 
3 MlOAl PCX 26 36 

Cont,rnl Ml1 k%attle 33 21 . * 
(hntrol Ml1 Seattle 33 22 . 
Con trd Ml1 Seattle 33 25 . . 
Ckmtrol Ml1 scntt1e 33 22 

4 MII Seattle 33 2 ih 
5 Ml1 SeattIc 34 3 RI 
6 Ml1 BeattIc 32 11 102 ~- . .-- -.^ --- -.,.., I- -, ,“. 

* The %5-lpm trsts wcw ~rlnde iollnwiha 50.lpm t,wt,n to II brr.ak SINI lives WP romputrd itn ddiliod 2Ypm lifr plus 2 X 60 lpm lift. 

deteriorated to this dent, for in :I non-gas condition 
these canisters huvc not been worn much and, stored 
in the airtight, M7 carrier, the majority of can&ers 
have prohahly picked up very lit’tle water. If an 
emergency should develop it, would he possible to 
screen out, doubtful canisters very rapidly by weigh- 
ing, since all Ml1 canisters show t,hp original wei& 
at, the t,imc of manufacture:. Those whose weight- 
gain was slight, could Ix: considered safe, and prob- 
ably cvcn those wit,h wciglit-gains of 20 to 30 g might 
give: adequate prot,cct,ion. 

Cwr~p Sibwt. Tlw field tests on MIXAl, MlO, 
and MlOA I canisters at Camp Sib&, Ltgree with the 
previously citotl &la for canisters from tropical the- 
aters. As might, hc expected wit)11 a temperate cli- 
mate, the rate of :1ging at, Camp Sihc:rt is less than in 
the tropics and t,hc: ra.te of water pickup is less. Thcrc: 
is a decre:lso in Cli protectJion, hutI 110 marked r:fL:ct 
for other gases otther than t,llc effect, of humidifica- 
tion. It, Seems safe to conclude that AK-fillccl can- 
isters used in this country have a useful lift of well 
over :I year, and perhaps much more. 

5.2.4 Surveillance 01 ASM and ASV 
W1etlerites ‘7 !’ 

Early in 1943 the ~urvcillence result>s with ASC 
whctJcrite tha2t had agrd sealed-wet (unclcr acceler- 
:tt,cd conditions) caused considernblc alarm and the 
noarcl~ for other imprcgnants which would be more 
stable was intensified. The most, promising of the 
other impregnants were made hy replacing chro- 
mium with molybdenum [ASM] or vanadium [ASV]. 
The first resultti, hased upon sealed-wet aging, looked 
as if these imprcgnants were much more stable t,han 
AK (see Chapt,cr 4) ; but labr, when aging concli- 

tions \v(:re made less drastic, the ABM and ASV whet;- 
Ioritcs were found to ho 10~s eatisfactIory than AS.:. 
When aged in presence of air, ASM is actually 1~s~ 
nl,al>le than when ag(:d in absence of air. In the final 
recapitulation, thr:sc processes were tliscardrd for the 
following reasons : 

TARTX 0. Typid CK aging fnr AS(: rind ABM 
whctlcrites. 

_--- :: -- 
Conditions kys WHO CK life kllOA1 -I- PCT -.-. .,- 
of storngc aging ASC ASM --.-.. .- -.. _ - 

None None 83, 5!) 40, 41 
0pcn initinlly dry 14 5G . . . 

28 61 32, 30 
42 52 . . 
56 39 . . 
66 . In, 21 
x4 44 ..a 
99 . 6, 8 

I12 39 . . 
131 . s, 3 
340 . * 4, 3 
400 17,19 . . . 

-. .- 
Se:dcd-wet None . . 40, 41 

10 . . 36 
18 . . * 26 
28 4 27 “. 

Scaled-dry 14 57 . . . 
28 61 . 
56 42 . 

II2 34 . . 
-.~ -- 

1. It was found difficult to preparc them with 
present plant, equipment. 

2. ASM was less &able than AK: when aged in 
presence of air. 

3. ASC st,ability was found to be more x&fat:- 
tory than the: early sealed-wet, aging results had in- 
dicated. 
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4. The properties of pyridine and picoline in in- 
hibiting ASC aging had been discovcrcd and it was 
felt that if a more stable adsorbent wcrc needed it 
could best be obtained by use of one of thcsc in con- 
junction with the ASC process. 

The data of Table 6 are presented to show typical 
ASC and ASM performances for comparison. Aging 
was in the NDRC cyclic chamber. 

5.2.5 Pyridine and .Picoline Im- 

pregnations lo- lRv lgv 22 

The use of pyridine and similar organic bases as 
charcoal impregnants to increase CK protection was 
first discovered by the British. Preliminary studies 
made at Edgewood Arsenal in 1943 looked very 
promising so that further investigations were under- 
taken along these lines. Descriptions of t#he condi- 

TABLE 7. Critical layer depth and capacity for CK of 
aged charcoals (0SRD 4013); Charcoal PC1 - Sample 
A. 

‘--- _- 
Hours aging Critical 

Impregrrant sealed-wet dcptlr 
40 c cm 

-_ .,.,.~ 
None None 2.9 

---,,_ ,..- 
p (3%) None 2.2 

,- ,., 
ASC None 1.9 ~- 

281 2.9 
480 3.7 
954 4.5 

-._-- 
“’ ASC+l%P 0 1.7 

2x1 1.7 
4x0 2.2 -,- - - . ..- 

ASC+3%P 0 1.6 
290 2.0 
479 2.0 

1440 2.2 
1922 2.4 
2401 2.4 

-.- 

-- 

Capacity 
mg CK/ml 

Chrtr 

9.7 

23 

84 
63 
54 
34 

68 
4H 
. ., 5’ 

39 
37 
23 
33 
31 
29 

tions used for addition of pyridinc, picoline, and re- 

lated compounds and the performance: given by these 
impregnants arc fourld in Chapter 4. Early surveil- 
Ixncc: st,udies were made by layer depth-life studies 
with tube tests.lH Data for samples aged scsl&wet, 
at 40 C are shown in Table 7 to illustrate the cffccl 
of pyridine. Picolinc and other organic busts bohavc 
similarly. 

TARTX 8. Effect of pyridino ~:)n CK protection of Ml1 
canistcrx aged irl M7 carriers; Charcoal PCX. 

- 
CK life at, 50 Ipm and 251pm (in pareutheses) 

Whetlerite .- 
lnitial 14 days 28 days 56 days 

ASC 32, 35 13, 12 4, 5 2 (50) 
+ osul, P 31,33 20, 20 14, 17 9, 10 (59) 
+ 1.6% P 34, 36 25, 26 16, 17 13, 16 
+ 2.4% I’ 31,33 16, 23 15, 18 17,17 

-. “,, _“. -..“- 

From the data of Tablo 7, and from numerous 
other series for various charcoals, it is concluded that 
pyridine has the effect of enhancing the CK protcc- 
tion of ugod ASC whetlerite. The first effect of aging 
is to increase the critical depth. When pyridine is 
added, its effect is to hold the critical depth constant, 
regardless of the aging of the other components. That 
is, the effect of pyridine is superimposed upon the 
effects of other components. Since the CR capacity 
due to pyridinc is small in comparison with that of 
unaged ASC, addition of pyridinc has little effect, on 
an unaged sample; in fact, the protection is lowered 
slightly because adsorption of pyridino covers some 
of the available active centers and dccrcascs the ad- 
sorptive capacity. But as the aging destroys the ASC 
effectiveness toward CK, the influence of the pyridine 
becomes apparent and aging lowers protection only 
to that which pyridine alone gives. 

With the accumulation of aging data for canisters 
used in the field, it became more and more apparent 
that, aging is not a serious problem for the MlOAl 
canister and, consequently, inter& in the addit,ion 
of a pyridino impregnation decreased. At, the time of 
writing, however, there is still some int,cr& in the 
possibility of using pyridine in the MI 1 canistor 
which is, as mentioned above, perhaps subject to 
more drastic aging contlit,ions than the MlOAl be- 
cause of the airtight M7 carrier. In view of this pos- 
sibility, an extensive program has been carried out 
in Ihc NI>IUZ cyclic chamber to study the effect of 
pyritlinc! on the aging of Ml1 canisters stored wet in 
M7 carriers. Typical data are reproduced in Table 8. 
The bencficiul effect of the pyridine is obvious. 
Whether such a treatment will cvcr bc put, into pro- 
duction depends upon wha.t is learned from further 
field data, the applicability of present plant procossos 
to addition of an&or constituent in impregnation, 
and further stutlics of any deleterious offccts which 
might follow the us{: of pyridine. 



Chapter 6 

ADSORPTION AND PORE SIZE MEASUREMENTS ON CHARCOALS 
AND WHETLERITES 

6.1 IN&I) UCTION 

A 8 PART of a funclamenld program denignotl to 
throw light, on the m-face area, port: size and 

structwul caharacteristics of an “ideal” charcoal, a 
great many measurements havn been matlc (luring 
the last five years, both in NDliC and in British and 
Canadian reseurt4 laboratories. The present report, 
is an attempt, critically to discuss and summarizt: 
such work, taking due cognizance: of the current ww 
c&s of area and port size meusurt:menta of porous 
solids. Tables and figures incorporxtcd have been se- 
lected to illustrate the nature of the work that has 

0 RESIN TR 2 
- 60 

A 2.66 OF CARBON BLACK 0 P33 4 
0 CARBON BLACK WYEX / ap -en 

FKZUH~~ 1. Met,hod for tnctisuring: surface nre~ of vari- 
oupl solids: l)y mer2n~ of low tempcralure rtdtiorption 
iantherms. 

been cur&d out, and the conclusions that, have been 
reached. For more detailed accounts of the work, the 
reader is refer& to t,he original articles listed in the 
extensive bibliography. 

It must bc rcalizcd at, t,he start that it is not always 

summarize accrlrutcly the experimental work and t#o 
give his own opinions as to its meaning. It, is hoped 
that the present writ,cup will serve to bring up to date 
our thinking relative to the surlatc:c c:haract~Rristics, 
the port: sizi md t,hc: pore size distribuLion that, we 
should aim to incorporat,c! into a charcoal which is to 
be used for gas mask work. 

6.2 MEASUREMENT OF SURFACE AKKAS 

6.2.1 Theory of h Adsorption Method 
and General Application 

Uuring the last few years l, 2 a method has been de- 
vt:lopcd for measuring the surfucc arca of various 
porous and finely divided solids by means of low- 

0.03 

A 2.86 g OF CARBON BLACK P33 
cl CARBON BLACK WYEX 

0 
0 0.1 0.2 0.3 

1-W 
% 

FIGURE 2. Linexr Brunaner, Emmclt;, and Teller plotH from 
Figure 1. 

temperature adsorption isot,herms (Figure I). It has 
been shown 3 that the adsorption data can be plotted 
according to the equation: 

P/P, 1 (C - 1) P 
v(I-“j,/pu) = v,c + -~ - vmc P” 

(1) 

possible to give a final, categorical int#erpretation to and yields straight lines over the relative pressure 
the experimental results. The writer will endeavor to range of 0.05 to 0.35 (Figure 2). From this V,, the 
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volume of gas required to form a monolayc:r on the 
adsorbent can bc evaluated. A simple multiplication 
of the number of adsorbate molecules in a monolayer 
by the average cross-scclional area of each adsorb& 
molecule will t&n yield a value for the surface area 
of the solid. In equation (I), V represents the volume 
of gas adsorbed (expressed at standard tomprrature 
and pressure) at the pressure 1’. PU is the: liquefaction 
pressure of the &o&ate. C is a constant rt:Iat,cd to 
the: ticet of adsorption, RI, by the: equation 

where ul, bz, (I~, and bl are const,ants and &I, is t,he 
heat of liquefaction of the adsorbate. 

The validity of surface> area calculations hy equa- 
t,ion (1) has b(:(:n greatly ~t,rc:ngt,hr:ncd recently hy 
an independent, approach to the: problem by Harkins 
and Jura.4 T3y prc:-saturat,ing a non-porous solid TiOz 
with scvcral laycrx of adsorbed wutcr vapor and than 
measuring the heat of immersion in water of the 
TiO, covcrctl wit)11 adsorbed w&r, they are able to 
calculate dirctctly the surface arca of t,hc solid. The 
heat of immersion, cxpmssed in ergs, divided by the 
surface c:ric:rgy equal to 118.5 ergs per sq cm of sur- 
fact, yields an absolute value for the area of the finc?ly 
divitlcd l’i&. By this direct method, IIarkins ant1 
Jura obt,ained a surface area value of 1.3.8 sq m per g 
for the adsorbent, compared t,o 13.9 sq m per g by use 
of equation (1). This latter value involvotl the as- 
sumption that the cross-sec:t,ional arca of the nit,ro- 
gen molecule is I ci.2A”, as calculated from the density 
of liquid nitrogen. Uarkins and Jura h also doveloped 
a new equation for plotting the! adsorpt,ion data to 
yield tlircctly a value for tlio surfacae area of finely 
dividctl and porous materials. Their equttion in- 
volvc:s H, const~ant,, t,hc: nurncrical value of which in 
fixed by c:alibrat,iofi with Ti02, using the surfncc arca 
value oMained by the heat of irilmersion. Thcsc al- 
ternative met>hods of plotting the low t,ornpcrature 
adsorption data need not, be discus& in tlctail here.” 
It will suffice to point out that,, for a large number of 
porous and non-porous solids, there is good agree- 
ment between the plots of Harkinti ant1 .Il~r:t and 
t,hose making use of equation (I). 

Equation (I) has been applictl t>o lnmdreds of dif- 
ferent samples of adsorbcnts with apparent suc- 
cess.? 9 8-shaped isot,herms of the type Y1 shown in 
Figure I :wf3 invariably obtainoti if nitrogen is used 
as adsorbat,e and t,he mcasur(mcnt;s are made at, 
- I95 C, provided hhe adsorbent, dors not have a 

large surface area locntotl in small ports. Tlins it, has 
been applied in measuring surfacct areas of carbon 
black,7 paint, pigments,’ zinc oxitlc parlicles,7 metallic 
catalyst,s,” metallic oxides,7 gel catalysts,:’ arid many 

other matcrial,s. 85 Y Tl~ermotl,ynarnic: ‘(‘, l1 as well ‘3s , , 
kinetic derivations lead to rt:sult,s expressed in equa- 
tion (1) if one postulates t,hut c~~r’v(:s of the shape il- 
lustrat,cd by Figure I rcprcscnt the building up of 
multilaycrs of adsorb4 molc~ules on the surface. 
The higher the relative: presstIre, P/PO, the grcator 
the average stat,istical thickness of the adsorbed 
layer. In view of all of the tikperimental evidence 
thus far obtained, it may bc concluded that by plot- 
ting low temperature nitrogen adsorptlion isotlicrms 
according to equation (I), one can obt,ain reliable 
relative surface areas that, are accurate to at least! 
5OA,, and absolut,o values that art? entirely repro- 
ducible on a given solid hut might ho in error by as 
much as 20(7;, due: t,o uncertainties of molecular di- 
ameters and molecular packing. 

Tn the original paper by Rrunaller, Emmc:tt,, and 

Teller,3 it, was point,ed out that, if, for any reason, the 
maximum thickness t,o which adsorbctl layers could 
build up on a surface is n moloc:ular diameters, then 
the equation that one obt,ains to represent adsorption 
as :I function of relative prcss~lrc (here designatjod for 

convenicncc as II: rather than as P/PO) is 

Here the symbols have the same mc?aning as in equa- 
tion (1). Attention was also called to Ihe fact that, if 
n = 1, equation (3) reduces to the form 

which is identical with the Langmllir* equation. 
For matoriuln ~~11 as charcoal having a largo num- 

her of very fine pores, n, is conveniently iritcrpreted 
as one-half the diameter (expressoti as number of 
molecular diamctcm) of the pores, cracks, or crevices 
in which the adsorption occurs. T t, has been shown by 
Dcitz and G1eystJccn,lR and by Joynor, Weinbergcr, 
and Montgomery I4 that equation (3) can be appiicti 
successfully to t,lic adsorption isotlicrms for a number 
of materials having too many fine: pores to fall in the 
class represent4 by equat,iorr (I). Figrlre 3 contains 
a number of isotherms that follow ecluation (3) over 
tlir pressure range 0.1 to 0.4; the: values of ‘n, C, and 
I/, that fit, well into t,he equation are also indicated. 

Picket,t lh has recently qucstionorl eqrtatJion (3) on 
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the grounds that, at, relative pressures of I .O it does 
nol poxtulutc the complete filling of a crevice with 
udsorl)ule hut only :I, frwtional filling equal to 
(a + 1)/2(1+ l/C%). He carried out, the summation 
up t,o IL layers in a different mannw than that, em- 
ployed by Brunauer, Emmel,t, and Tcllcr r and ar- 
rivrd at an equatNion of the form 

yt --x)(1 -2:+c:x) (5) 

This equation has the advantage of reprwcnting the 
complctc: filling of the capillaries at a rclstivc: pres- 
sure of I ; l~owcvw, the value of V,, c-~btjaincti Ijy 
equat,ion (5) is substantially the same as t,hat, ob- 
tj:tinctl by equation (3). TIence, Pickett’x suggestion 
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P-D 
PO 

is mwli more pertinent to tlic quwtion of pore vol- 
ume than to that of swface areib. F’urtliwmorc, cqua- 
t,ion (3) and not, oc@ion (5) is 0l)lttinetl hy a st:b- 
t,istical mochanicnl 16 or thermodynamic: tlcrivation. 
It sterns prot~al~lc, tliwcforc:, t,hat. equation (3) may 
hr relict1 upon for surfacn area measurement,s of ma- 
teriuls having small pores wcn though there may he 
some question as t#o the (:owsc followed 1);~ the ad- 
soqAion isotherm near saturation. 

It sl~ould he made clear in passing, howwcr, t,hat 
the measl~rement of t;llc surface area is much less 
exact for materials srlch as charcoal, chal,azitIe and 
some gels, having pores wlric:lr in sixt: approach mo- 
lecular dimensions, than for non-porous sut&bnws (31 

those having large pores. For example, equations (3) 
and (5) have hot,h been derived on the assumption 
that, t,he adsorption is taking place on cracks having 
plane parallel walls. Without, doubt, t,he actual pores 
and capillaries hnw no such simplf? st,ructure. Tncleed, 
it, rnay lw that the: small port:s might, Iwttor he de- 

scrilwtl as cylinders or wncs rntlrer t,lr:m cracks or 
crcviws. A furthw cwsc of unccrtdnty wisw from 
the lack of any good intlcpcntlcnt, mwns of checking 
tlir arc:1 of subatanccs having porw of molecxd:w tli- 
mensions. Tlic~rc: is no way of solving thrw: rmcwtain- 
ties at. t,lic prt:sc:nl time; their existcncc:, liowww, 
should ulwuys 1~ kept, in mind. 

62.2 Measrmment oE Surface Area of 
Charcoals and Whetlerites 

The detailed calculation of surface areas by equa- 
tion (3) has not been used in most of the work that 
has been done on charcoal during World War II be- 
w~us~ the calculatJions involved are too time-consum- 
ing. For most, samples, cc~uation (4) has hncn cm- 
ployrtl; in a few instanws I7 wcn equation ( I ) has 

I30 I1 

I 1 .s t.0 2.5 3.0 3.5 4.0 
TRUE n- 

been used. However, as point,~tl out 1)~ Joyrwr ant1 
co-workers,14 the use ol equation (4) for adsorp&)n 
isotherms for which n = 1.5, yields an area value 

about, 15(x, higher than that obtained hy wing eqrr:l- 
tion (3)) wlierew employing equation (1) for ploLting 
t,he adsorpt,ion dat)a will yield a value IS?;; 1owe1 
t,han obtained hy equation (3). The exact ratios he- 
twen the area olAained by equations (4) and (3) as 
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a function of the value of n are shown in Figure I, 
the figure having been taken from their paper. Ac- 
cordingly, even though equations (1) and (4) havt? 
been used extensively as approximations for measur- 
ing the surface areas of charcoal, nevertheless, in the 
writer’s opinion, the most, reliable surface arca values 
on nitrogen adsorption arc obtained by fitting the 
adsorption isotherms to oqualion (3) and evaluating 
V,, after determining the values of n and C thL are 
needed to fit the data to the equation over the range 
0.1 to 0.1 relative: pressures. The area values obtained 
for charcoals by equation (4) probably represent 
upper limitIs, and those obt,ainetl by cquution (1) 
represent lower limits t,o the correct, arcas. 

N, I’SOTHERMS E 

; 400 
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PO 

FIGURE 5. Nz isnthermH nt - 19.5 C for t,hrce small pore 
charcoals. 

The numerical value of the surface arca that one 
will obtain by the use of equations (I), (3), or (4) 
will, of course, depend markedly on the gas used as 
adsorbate. Kven on non-porous or coarsely porous 

solids, there is some indication that surface areas ob- 
tdncd by the use of large molecules are a little 
smaller than those obtained by the use of smaller 
molecules, providing the molecular cross sections are 
calculated from the density of liquids in the usual 
way.l* For materials with fine pores this r:ff~c:t of 
molecular size? is much magnified. For example, it has 
been known for many years that chabazite when 
properly dchydratod will exhibit a screening action 
on molecules lurgcr than ethane.lY It has been shown 
that it is possible to make the pores so small in dc- 
hydrated chabazite ax to permit the adsorption of 
hydrogen molecules but, not nitrogon; 2n nitrogen 
but, not, &HI”; 2u and straight-chain hydrocarbons 
but, not branched chain.“‘, 22 On charcosl, similar 

screening effect,s are very much in evidence:. On a 
charcoal such as Saran 23 shown in Figure 5, the ad- 
sorption of isooclane is only one-twelfth as large as it 
should bc if nitrogen and &octane wcrc being ad- 
sorbed on the same pore walls.23 On charcoals with 
larger ports (Figures 5 and (i), such as are produced 
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FIMJHE 6. Nn isotherms nt -195 C on t,wo chnrcoals 
with lrup pores. 

by more extensive activation, the screening is still in 
evidence but much less pronounced. A plot of surface 
area [calculated by equation (4)] as a function of 
molecular size is shown in Figure 7. As indicated, a 
surface area value for charcoal will, in general, so 
docrcuse in size as the molecule employed for the 
adsorption measurements increases in size. 

For obvious reasons it seems likely that the surface 
area measured by gases will be more important in 
judging the properties of charcoal than the areas 
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mcasurecl by &orl~ing molecules from :L suit,ahle 
liquid solvent. This is primarily clue to the tlifhcuky 
involvfd in causing 5 solutc~ to diffuse tShrough :L 
xolvr:nt :mtl cover t)he srlrfncc: of capillaries when tllc 
l:~f,t,(:r are the order 01 :t fr:w molecular diameters in 
size. Nevertheless, somt: mcwsurements of t811(: surfwc 
:Irc:a of charcoal hy the :ttlsorpt~ion of molecules from 
t,lw solution have been rnntlo. In Vigure 7 i2 compari- 
son is made between lbc :wca values ohtainctl by 
plic:nol and methylerie tdrlc: from solut,ion itnd tllosc 
olGnt:d 17-y aclsorhing g:ts molecules of compttrdd~ 
size. 1‘hc agreement, on Ihc crushctl sample is fairly 
good; th: arcas on t,he uncrr~sl~ctl sample seem to be 
about 409;, loww by aclsorptior~ from liquid than by 
&nrpt,ion from gas. It is intcrwting to note that, the 
:tre~ ddsined by Lernicrlr :Lnd Morrison 25 using 
acetic:, propionic, but<yric, vdwic, and henzoic acids, 
all lie in 1Jic range 583 to 670 sq rn pw g on n given 
sample of wt~ll &ivat,ed c2~iwc:o:tls (Table I ). As 
would he oxpc:c:t,ed, the area mc:tsurd by scetic acid 
was much largw for small clegrecs of nc:t,iv:kiou thR,ri 
th:lt meitswcd 1)-y vderic acid, just t1.s the: ::trc:*. 
mc:aaured hy PS or othw large molecules is rnr1c11 
sm:dlw 17, 23 t,han 11131 mc::tsur& by drogen in the 
early stages of :tdvrtl,ion when, presutnnhly, the 
smallw pores are pdominant. No areas by nitrogen 
adsorption methods :trc ~lvailal)lc for their charcoals 
though the combined cffr:c:t of molecular screening 
:md iricomplet~eness of cquililwation probably cause 
all t,licst: solution resrllt,s to hc low by n least, 50’,;,. 

6.2.3 Application ol’ Area Measurcmcnt in 
Predicting the Performance of U~arcoals 

1’~1~: application of silrf:Lce nrca measurementSs in 
chnrcosl research is much Iwlr wtensive and signifi- 
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cant, thnn t,h(: application of pore size Iri(!::lsilrCmCrit,s. 
This arises from the fact, that, rate ~j adsorption as 
well as the sorpt,iorl capacit,y enters into t8hc uc:t,ual 
process by whidi :.L poisonous gas is removed from :L 
stream of :tir on passage through x srtrnph: of char- 
caonl. Nevertheless, m:my hundreds of xrd~ meLtsure- 
mwts have been md:. 2hu, 2h’r There have been :t few 
IISW for the area me:tsurr:mt:nts, however, t#hat are 
worth mentIioning. 

1. Some limited cnnclusions as to the whetleriza- 
l)iliQ of a charcod c3tl1lw tloducod from the nitrogen 
atlsorption isotherm. For rx>bmple, a charcoal giving 
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an isotherm as flat, as that, of Saran (Figure 5) cannot 
be expected to be suitable as a xrlpport for the &a- 
lyst material that is addod in whetlerization boc::~ose 
apparently, as judged by a plot of the data by qua- 
tion (3), the pores are all very small. At one time it 
was suggcstcd that a gently rising nitrogen adsorp- 
tion isotherm of the type shown in Pigurc B was a 
necessar.y prerequisite to a good charcoaL2~ It may 
still bc said t)hat such a rise usually exists for a char- 
coal capable of being effectively whctlerized for the 
removal of CK under 80-80 conditions. Actually, one 
must take int,o consideration tho shape of adsorption 
isotherms not only up to relative pressures of 0.99 
but also to much higher ones.27 This application, 
however, involves the question of pore size measure- 
ments and will be considered in a later section. 

2. For charcoals that are sufficiently well acti- 
vated to have a large supply of pores wide enough to 
accommotlutc PS molecules, it sc?emed likely that 
some correlation should exist between the nitrogen 
adsorption capacity and the PS life. Actually a plot, 29 
of the PS life (Figure 8) as determined by standard 
tests against, Vn,4 (volume of nitrogen gas ndsorbcd 
per cc of charcoal at a relative pressure of 0.4) seems 

to give an approximately straight lint that fits ttlf? 

equation 

PS lift (in minutes) = 0.53 ( I/n,4 - 48), (6) 

over the life range of 20 to 60 min with an accuracy 
of about 10 min. 

3. Surface arca measureme& on charcoals that 
have been partially saturatc!tl with water vapor arc 
an onsontial part of the methods 17, 287 20 used by 
Juhola in measuring port! size. They will be discussed 
in the following section. 

In this section only adsorption data for nitrogen 
have heen discus&. Adsorption of water vapor, PS, 
and a variety of othor gases will be considered in 
&her sections of this chapter. 

6.3’ ADSOKPTION c)p’ WATER VAPOK 

6.3.1 Adsorption Isotherms for Various 

Charcoals and Whetlerites 

For a number of reasons 17* 23, 24, 2yq 30 hundreds of 
water adsorption isotherms have been dotcrmined in 
the course of the present work on a variety of char- 
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coals and whetlerites. To begin with, the 80-80 activ- 
ity of many whetlorit,cs toward CK may be vanish- 
ingly small even though the O-80 activity might be 
high. This raises the question as to the amount of the 
catalyst surface that is left uncovered when the 
whetlerite is equilibrated with water at SOq{i RTT. 
Secondly, water is known 2.3 to be capable of inhibit- 
ing the adsorption of PS by charcoals and hence will 
influence the PS lif(? of a canister. Vinally, water ad- 
sorption isotherms have proved to be of great valur 
in estimat,ing the port size and pore size distribut>ion 
according t80 a method developed by Juhola.‘7, 2R, 29 

Figure 9 illust,rat,cs a number of various types of 
water isotherms X2 that, have been found on charcoals 
by adsorbing and desorbing water vapor from 1% 

stream of air passing through the sample. Most of 
the adsorptions are charact,erizctl by hystsrosis that 
extends clear back to zero pressure when the iso- 
therms are determined by a flow technique: using air 
as a carrying gas. When the adsorption is measured 
by a static system aft,er thorough evacuat>ion of the 
sample, the: shape of the hysteresis loop is somewhat 
altIered and the desorption (‘urve on some charcoals 
rejoins the adsorption curve at about 0.4 relative 
pressure I77 23 as illustratc!d in Figure IO. However, 
Juhola has formcl l7 a number of examples of par- 
tially activated charcoals for which even in a static 
systom hysteresis porsist,s down to approximately 
zero relative pressure. Any such hystorcsis in physical 
adsorption extending to relative pressures hCl0W 

those corresponding to condensation on ports at least 
four molecular diameters in diameter, is to be ques- 
tioncd seriously. Slow chemical adsorption and grad- 
ual evolution of CO or CO, from surface complexes 27 
in the presence of water vapor may both bo factors in 
apparent low-pressure hystcrcsis in water adsorption. 

It has long been known that the shape of the ad- 
sorption isotherms for water vapor on a charcoal is 
radically influenced by t,hc amount of oxygen prosent 
as a surface complex. For examplo, it was point,cd out 
by Lawson 33 that the presence of rtn oxygc11 complex 
on the charcoal surface shifts the adsorption isotherm 
to lower pressures than in the absence of such a com- 
plex. The influencr: of oxygen-coating a sample is 
graphically illustrat,ed by Figure 11. in which the 
water adsorption isotherm is shown for charcoal 
CWSN 19 both before and after exposing it to oxygen 
at, 400 C.24, 30 During this exposure the nitrogen 
isot,herms remainctl practically unchanged. 

The amount, of water adsorbed has proved to be 
substantially intlependen!nt 3D of the tempernturt: at a 
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3. Rpparcntly 35 t,tit: slow step in the equilibration 
of charcoal with water vrtpor is not the mass t,rurisfcr 
of the water vapor from the stream of gas to the 
charcoal parLicles, but the resistance oncountered by 
the passage of t.he water vapor from outside the par- 
t,icle into t,he tiny capillaries. This has hccn pointed 
out by Colburn 35 who showed that, the HTU (height 
of a transfer unit) for charcoal samplcx ranged from 
3 lo 25 in. under his experimental conditions com- 
pared to values of 0.2 to 1 in. for silica gc:l parlicles of 
similar size. This observation is consistent, with the 

idea that, some of the pcnclration of gases into the 
smallest, capillari(~s is due to surface migration on the 
ntlsort)c~nt,. If the adsorption of water vapor is low, it, 
wo~dd n:tt,urally follow t)hat the l-ransport, of water 
vapor into t,lie pores of the cwpillwics by surface mi- 
gration, :tnd hence the rate of t!quili~)ration, would 
IN! slow. 

4. At 30 C and :L gas flow of (100 ml of air per min 
per g of charcoal (a space veloc:it,y th:d is close Lo LliaL 
of normal breathing rates through cariistcrs) the: 
Lima 3u for half-equilibration of sc:vc:r:ll typical hasc 
chars ranged from 48 to 90 min; Lhc time for liulf- 
desorption into :I, st>rc>am of thy air at this same flow 
rate was about, 30 to 405{, of the time of adsorption. 
The: tinic: rt:quirc:tl for equilibration (by adsorption) 
on the whctlwiixs was from 30 to CiO(;: of the time 
rquirt~tl for c:qnilihration of the base charcoals. 

6.3.~ Nature of Water Adsorption on 
Charcoal and Whetlerlites 

Much has bec:n written JR--40 relative to the nature? 
of water adsorbctl on charcoal. This is understand- 
ahlc since: Lhr: interpretation of the wntcr isotherms 
may bo a kay t,o tjhc calculation of the port size and 
port: sizt: distribution of Lhe adsorbent. If water is 
:I,tlsort~ctl in or t&orbed from a stat,e that may bc 
cullctl capillary condensation, then the adsorplion or 
dcsorption curves may he used togot,hr:r with the 
liclvin equation to estimate the port: size distribu- 
Gun. In the next section we shall sot how this method 
has act,ually been applied by .Juhola und others. Vor 
the present, wo shall limit our discussion to a prcscnta- 
tiori of the: cvitlcncc that has accumulated as to the 
nature? of water adsorption. In particular, the evi- 
dence will IN prnscntcd on the question whc!thcr 
water pickup by charcoal is adsorption, capillary 
condcnsat,ion, or a mixture of both. 

McBain 4u, 41 and his co-workers have contended 
that t,hc sorption of water vapor by charcoal is an 
adsorption phenomenon rather than a capil1ar.y con- 
densation. In favor of this point of view are the fol- 
lowing oxporimontul facts: 

I. When wutcr vapor is taken up by charcoal the 
lattw cxpards 40 rather than contracts. It seems 
agreed that pure capillary condensation would lead 
to a tension in the pores of the charcoal and hence to 
a slight contraction. 

2. M&&in 4o succeeded in drying and evacuating 
a sugar charcoal sufficientlly to eliminate all hysteresis 
in an isotherm at, 120 C. The results of his measurc- 
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mcnts are shown inFigurr: 13. Thewater sorption rises 
abruptly at, a relative pressure of about 0.3 until 
about 80(y0 of the sorption capacity of the charcoal is 
satisfied. It, then levels off gradually to a constant 
saturation value. Desorption follows the same curve. 
On thr: ot,hc:r hand, after the charcoal stood in con- 
tact, with t,hc: water vapor for a year wit,11 the tlevelop- 
mcnt, of d&ctable amount>s of hydrogen, a repeat 
adsorption run showed the conventional type of ad- 
sorption curve (Figure 13) wit>h hyst,eresis in de- 
sorption. 

3. The shttpt: of the lower part, of water isotherms 
such as shown in Figures 9 and 10 arc not very dif- 
ferent from the shape of the water isotherms ob- 
tained by Emrnctt and Anderson 42 on samples of 
degassecl carbon black (I’igure II). It, will be not,ptl 
that the nitrogen isotherm on the r&on black bc- 
fore and after evacuation at 1000 C: are practically 
identical. C)n the other hand, the wat>er adsorption 
isotherms are grcat,ly changed. The sample, after the 
high t,emperature (:vacuaZtion, aclsorl~s no water at 
low relative prexeurcs but, incrcnsing amounts as the 
relative pressure is incrcasecl. The isotdlcrms appar- 
ent,ly indicate a hoat of adsorption that, is smaller 
than the heat of liquefaction. The w:Lt>nr isotherm 
before evacuation rises almosl linearly wit,h relat,ive 
pressure in much t,hc way one would expect, if the 
hc:at, of adsorption is subst,antially equal to the heat 
of liquefaction. It seems clear that, on the: drgassed 
cxtrhon black the waler adsorption cannot I)c duo to 
capillary condensation sinca there is no evidence of 
any capillaries being present. Cert,ainly, the high 
temperature evacuation did not produce capillaries 
or the nitrogen adsorption isotherms would have been 
quite differenl boforo and uft,cr the evacuation. The 
similarity between t,he shapes of the two carbon 
black water adsorption isotherms and 111~ shapes of 
the isotherms of water vapor on charcoals is striking; 
accordingly, one must certainly bc: cautious about, 
intcrproting the water adsorption isotherms on char- 
coal as duo to capillary condensation. Both the capil- 
lary size measurements of I,owry,38 and those of 
Fineman, Cue& and M&ltJosh,d3 based upon the 
assumption that the adsorption isotherms for wntor 
are clue enCrc1.y to capillary condensation, arc to bc 
questioned. 

The evidence for interpr&ng the desorption part, 
of’ the isotherms as capil1ar.y condensation may bc 
also reviewed here. 

1. No satisfactory explanation of hysteresis in de- 
sorption has bc:cn advanced so far for any process 

other than oapil1nr.y condensation. On the other 
hand, in the water isotherms on the degas& carbon 
black ti in Figure 14, hysteresis appears to exist. If 
these observations are confirmed by further work 
they will tend to undermine t,he capillary contlonsa- 
tion interpretation of hysteresis since the particle 
size in the cftrh~~ black work is such that evnn capil- 
lary condensation between the particles seems to be 
ruled out. 

2. By assuming that the shape ol the desorption 
isotherms of water vapor on charcoal is due to capil- 
lary condensation and that cos 0 in the Kelvin 
equation 

p= ~~p:oso 
I PO LYl’ (7) 

has a value of 0.5 to 0.6, Juhola has been able to cal- 
culate pore size distribution for charcoals that, yield 
good v&es for the surface areas measured by nitro- 
gcn adsorption. This in considered in tlctail in t,he 
nt:xt, section. 
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3. The most convincing evitleme that, even the 
adsorption curve is partly capillary c:ondenxaLion 
has been obtained by Juhola in his scanning r1ms.l’ 
A t,ypical set, of those is shown in Figure 15. Unless 
some explanation for hystorosis based purely on ad- 
sorption is forthcoming, thcsc: scanning runs must, be 
considered d&&c cvidcncc that part, of the adsorp- 
tion isotherms arc due to capillary condensation. 

Perhaps the soundnst, intcrprotation of water 
isotherms at t,h(? prosent, time: is that they may be al- 
most any combination of adsorption and capillary 
condensation. In water isotherms such as shown in 
Figure 1.5, it, seems reasonable to assume that on the 
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adsorption part of the! curve, the adsorpt,ion increases 
with relative pressure, passes through a maximum, 
and then decreases as more and more of the surface 
is eliminated as a result of the capillaries filling with 
water vapor. At high relalive pressure nt:ar satura- 
tion most of the water pickup is due to capillary 
condensation. It should be not,ed, howcver, that, if 
this picture is adopted and if the same: angle of wet- 
ting, density, and surface tension characterizes the 
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FIGIJHE 15. Water dsoqdion isothnrms for CWSM 291 
AYI. 

condensed liquid during both adsorption and tlcsorp- 
tion, then one must, conclude that the capillary C~II- 
den&ion on the adsorption part of the curve dots 
not occur at th(! relative pressures indicated by the 
Kelvin equation. For some reason tha2t is not, yet cer- 
tain, it, would appear that capillaries of a particular 
size fill with condensation only at, rolativc pressru’es 
t,hat, arc considerably higher on the adsorption side of 
the curve than on the dcsorption isotherm. Perhaps 
the bottleneck theory of Kruerner 44 or the open pore 
theory of Gohan 4h can supply the explanation for the 
hysteresis. 

Some idea as to the nature of water in capillaries 
might be expected to bc obtainable from measurc- 
men& of freezing points and measurement of the 
density of the wat,cr sorbed by the charcoal. Two sets 
of measurement,s of the density of the wat,c:r in the 
charcoal ha,ve been made. They disagree sharply with 
each other. Morrison and McTntosh 4R obtained val- 
ues ranging from 1.02 to I. 1 loci wbcn the charcoal was 
c:xposod to relative humiditiofi l~c:low 100(x,. On the: 
other hand, two runs with pure wat,cr at 100Tl I<,H 
resulted in t,he water picked up by the: charcoal having 
an apparent densityof ahout0.957. In contrast to this, 
Juhola’7” has found consist,ontly that the apparent 
density of water is less than unit,y, values of approxi- 

mately 0.93 and 0.90 characterizing adsorption and 
desorption parts of a run. It is difficult, to be sure of 
the cause of this discrepancy. The proocdurr! used by 
the Canadian workers for getting relative: humidity 
values smaller than 100% is subject to suspicion. The 
use of sulfuric: acid to clecmaso partial pressure of 
water vapor in their experiments might have con- 
t,aminatad the charcoals with small amolmts of acid 
spray or SOS. Either of these would have a much 
higher ticnsity than water and would cause the ap- 
parent, dnnsity values to be erroneously large. In 
agroernent with this, it should be noted that the val- 
ues obtained by Morrison and McIntosh 41i using 
pure water for saturating the sample arc in satisfac- 
tory agreement with Juhola’s results. Rcr:ar~e d the 
fact that the blocking of submicropores by capillary 
condensation of water or t,he placing of water under 
tension in capillary condensation would both t)end to 
make the! tlcnsity Ir:ss than one, it, socms likely that 
the values obtained by Juhola for the apparent, den- 
sity of water are more nearly correct than the high 
density values obtained by McIntosh and Morrison. 

Freezing methods have also failed zir to help much 
in revealing the nature of adsorbed water. Johnstonc 
ant1 Clark 47 found that, charcoals such as CW8N 19, 
when equilibrated with water sufficient to cause a 
45(x weight< increase on dry basis (probably equi- 
librated at about 75u/, RH), failed to yield an ice: 
pattern (X-ray diffraction) at, -30 C. On the other 
hand, a sample soaked in wat,cr initially and t,hon air- 
dricrl to a damp powder showctl ice crystals that, were 
much smallor t,han those obtained by allowing mois- 
ture from t,ho air t,o condcnsc on the cold cassette. It 
seems likely that the water picked up during atlsorp- 
tion at, 75% RH is either held by adsorption as a 
monolayer or else is in the form of capillary condensa- 
tion in capillaries as small as 20 A in diamctcr. It 
is therefore understandable why the sample oquili- 
brated a2t 75% RX1 failed to show an X-ray pattern. 
The pattern shown by the sample, initially exposed 
to liquid water vapor and retaining about 75% water 
by weight, could easily be due to a thin film of water 
locatcxl in t,hc larger capillaric:s of the charcoal or ad- 
hering to the outor pcriphcry of the particles. A 75’3, 
weight increase is considerably higher than one would 
expect from adsorbed wat,er on CWYN 19 even at 
saturation. Accordingly, this observation does not 
reveal the nalurc of the water that is contained in t>he 
capillaries in normal water adsorption up to say 99 ‘%, 
RH. 

Another approach t,oward throwing some light on 
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the quc:sLion of 111~ nature of adsorbed water was 
made by comparing 111~: nitrogen adsorplion on dry 
charcoal wit,h that on sarnplc~ that, had brcn par- 
tially equilibrated with watf’r vapor. Such measure- 
mcnts 23 ~howcd that, on botch PC1 and CWBN 19 
charcoals t<here is no sudden t:spansion of water ati 
the t8cmpcrat,ure is dropped until sornc: point> between 
-78 nntl - 195 C ia reached. Tllis wcms to point to 
thcl conclusion 22n that the water h&J by t,he two 
Ltt)ovc:-lnc:nt,ionE:d charcoals at 83.5 :anti 91i $;, l<,H, 
rc:spc!ctively, iti not water having 8 normal freezing 
point. HO~CVIJI’, much further work would 1)~ re- 
quirc:ti hofort! one? could be sure of Lllc intiucnce of the 
size of a c:apillar,y on the freezing point of liquid (:ori- 
tained in it,. H(lnc:c:, oven this observation is a biL irl- 
definite as an indication of the nature of Ltle w:~,t,cr 
held in c::\,pillaric:s. 

6.4, POKI’, STZJZ AND PORE Sl%P: 
~XSTRIBUTiON 

No c:ntirc:ly satJisfactory method has been tiisnov- 
eretl for meusrlring pore size anti port: size? di&iblrLion 
in c:liarc:oal ant1 olller similar small pore materials. 
The difficulties encounlered arc many. Perhaps one 
of tlio principal c:ornI)lic:tltioris has to do with t,hc: 
shape of the capillaries. Not only is it, impossible Lo 

ascertain whether the capillaries arc (*ylindcrs, cracks 
with parallel walls, crevices, (:ones, or other regular 
geometric shapes, but it is irnpossiblc to tc:ll what 
combination of all of these and other irregular forms 
may be involved. Furthermore, it musL be realizctl 
that in tl(:aling wit,h capillaric?s that< are from one to 
Len molecular diamctcrs in size, one has lit.tle infor- 
mation as to the way in which density, surface tcn- 
sion, and other properties of t’he adsorbed molecules 
may differ from those of the? adsorbatc! in bulk form. 
It would probably, t,herc:forc?, bc difficult, to specify 
pc~-e sips even if WC knccv Lhn exact, shape: of adI capil- 
laries present of t,hc adsorbatc in bulk form. Rccord- 
ingly, progress in &mating port: diamc!t,ors of char- 
coal is possible only by virtue of making assumptions 
as to the shapes of the capillaries and the properties 
of the adsorbed molecule. It is gratifying that, in 
spite of the numerous assumptions and appmxima- 
tions that bad to be made, methods were worked out 
during the recent; war that are certainly more satis- 
factory than any previously available and that give 
results that are useful in t,rying to approach the ideal 
type of adsorbent for gas mask work. 

Methods that have been employed for measuring 

port’ sizcl may be listed in Ltir: following five (:Iassi- 
fications : 

1. St,utly of adsorption as a firric+on of the size of 
the adsorl~itt,c rnol~:c:ulns.23 

2. ApplicaGon of t,hc: Iiclvin equat8ion to th(e ad- 
sorption and dcsorption of any g:tset,ns atlsorbat,e 
other than water vapor.?” 

3. ApplicaLion of th(? TC(?lvin eclruttion to th(> n,rl- 
sorpt,ioti 3x, da and tIcsorption I7 isotherms of watt2 
vapor. 

4. Measurement, of the change of surface arca re- 
sulting from the pickup of water by the: (*bar- 
CYK11. 17, 28. 29 

5. l\/I(~:surc:nient~ of the prclssim’ required to Iorw 
]llel'('l,l'v Ii, 97. NJ. 65 int,o the cliart*o:tl capillaries. 

Tlirst: five: niet~hods will now 1~: considere3 in turn. 

6.4. I. Molecular Size as a Criterion of 
l’orc Size 

Tn a general way it would sc:c:rn to be possible to 
tell a gre:tL tlcal about the size: of pores in charcoal 
by comparing Llic rt!lative amounts of adsorption 
with the size of the adsorbate molcc:uh:. li’or oxample, 
cspc:rimentjal work on chabasite has shown &her 
clearly that it is possible t#o preparc? the atlsorb- 

cnt 1!1--%2v h’ so as to make the ports capable of ad- 
sorbing molecules of a given adsorbate and yet s(:r(:cri 
out, molecules of only a slightly larger size alrnostj 
cornplctc+y. Thus, as a func:Con of the temperature 
and Lirnc: of tleh ydration, as pointed out in an earlier 
section, chabazite can be math: t,o adsorb hydrogen, 
but not, nitrogen; oxygen, but not nitrogen; nitrogen 
but not biitanc; and normal hydror:arbonr;ms but, not, 
branched-chain hydrocarbons. IIow(:v(:r, this appar- 
(>ntly simple rnc!thod becomes very c:omplic:atc!d if the 
adsorbent is ant: in which only a partial screening 
out- of the larger moh:c:ul~?s occurs. One is then faced 
with the task of differcnt,iat,irlg between screening 
efict:t,s and the influence of the tightness of packing 
of odtl-shaped moleculrs in capillaries of unknown 
shape. E’or example, it is known that, if one compares 
the surface arca obtained by the adsorption of nitro- 
gen by CW8N 19 with that, obtained by USC of su(:- 
cessively larger molecules, the result; (Figure 7) is a 

decrease of about, 50(x, in going to isooct>m(:.23 It, is 
not at all cerluin, llowcver, that this means that onc- 
half the area is locat,c:d in pores intermediate in size 
between that of the nitrogen molecule (about 3.9 A) 
and that of the isooc:tane molecule (about G.7 A). 
Much of the decreast: may be attributed to the less 



eficient, pac+king of large molecules onto a given arca 
th:m the corrcspontling packing of SIP~L~I~CI., more 
symmetricnl molcwlw. Indwtl, it is nol even yet, 
\\,ell estnl~lixhc:tl that, for non-porous ndsorbents, thy 
same arws c:tn be obined 1I.y using large molecules 
:ts measuring sticks, as by using smaller ones.“, lR In 
spite of this, ~11~ 11s~ of adsorbatcs whose molecules 
are of clifYc:rt:nL sizes has been wed effe&vely for at 
least qli:~&tative appraisnl of the relative pore sizes 
of t\\-0 different, charcods. hr wamplf3, it is w(:ll 
knew II ;w 41 t,hat large dye molncules arc? almost, cwm- 
plctt~ly ~xcludetl from ttic ports of many cliarc:o:~tls. 
111 f:tcat, decoloriziug carhoris IW:~ c:ommw~:i:~tlly to 
rrmfn~e color from sugar soluLionx arc known to have 
murli Inrger porw Llian 1,lic c:liurc*o:~ls or ac:t,ivated 
(*:tdmn~ intentiwl to :ulsorb Iwgc quwtitiw of gas. 
Fwt llermore, s;omc: Ilrlrnist,:.l,kal)lc. swwnirlg c4h:Ls 

~311 1-w noticoti for molwulw tliffcring as lit,t,lc in size 
as t how of nitrogen mtl isoor tsne. For example, 
charcoals mutlc from carl,onixation of cerbtin plastics 
are known LO have uniformly small pores. These 
Saran ch:trc:ot~ls (Chapter 3) will atlsorl~ as mr lrll as 
tn-elw tirnw 23 as many molecules of nit,rogen as of 
isooctarw :tncl will equilihratle very much faster with 

nitropm than with isooctane. It seems likely that, 
most, of tllc: pores of this mat,erial are in the size 

rango 5 A to 10 A. Again, it, is well known that3 char- 
(:O::l,lS m:tde by the activation Of coal deVelOJ1 ~WIW? 

c:ap:.~ble of 2aclsorbirig nitrogen much carlicr than they 
clevclop pores capat,lc of :ulsorbing rnolcwlcs 3s 
lurgr :IH PS or isooctaric?. Accordingly, in H qualitative 
seuw, t8he relative amounts of adsorhatc: pickrtl up 
as a function of the size of the adsorbate molecule 
can be usctl to obt,uin some idea as to the distIribution 
of pore sizw in c:harcoal. 

AttenGon should, perhaps, be called t#o one other 
preca,ution in judging the size of' capillaries 1)s the 
size’ of tlic: :.tdsorbate molecules. Tf one compares ttlc: 
amonut of adsorption in t<erms of the vnlumc of sd- 
sorl~tc (calculated as normal liquid) picked up, 
some odd results are obt~airictl. For example, on two 
samples of charcoals on which the ports had been 
partially pluggctl t)y the protlnct from the oxidation 
of arsine, the volume: of liquid &octane adsorbed 
near satIuration was greatm Y2 than the volume of 
nitrogen (as licluitl) &0r1~d near saturation. Spe- 
cificnlly, the ratios of the volumes of isooctane to 
nitrogen were! 1 : 3 arid I : 6 respectively, for ttw two 
samples. This can bc understood if one remc?mbws 
t,hat if two plain, parallol walls were completely cov- 
ered wit,h adsorbatc molcculcs and were exactly 

12 A units apar%, then the volume of liquid calcu- 
lat,ctl for an adsorbatc: that, had molccrlles A A units 
in size wor~ld be ncw1.y SO?,;, I, rre:tLer than that, of an 
adsorbat,e t,hnt, had molrcrlles 4.2 A in size. Such es- 
treme cases arc rarc~1.y enrormterecl, though it, is Ob- 
served that, the licluirl volume of adsorbat,es of suc- 
cessively larger sizt: pickrd up l,y a charcoal do not 

fall off (Figure 7) as rapidly as do the apparent sur- 
face areas as c:alcr~l:tlcd from the molecular cross 
~cf:t,iorl. This may resrllt Erom the dT(?(:t, of the: thick- 
IIC:SS of t,llc: &orl~ecl molecule critcririg into a calcu- 
lation of 1 tic vohune of liquid pi&t1 up cvlicn milch 
of Llir: atlsorplion is necessarily only a singlr layer in 
thickness. 

6.12 Pore Size from isnthcrnis of 
Adsorba tes other than Water 

A gancral rnctbod for measuring t,he diameter II of 
ports that has often been suggestled makes use of the: 
Kelvin rqllation, 

where V is t,he molal volume, u is the surface tcnxion, 
T the temperature at which the adsorption is mc::ls- 
ured, P/P,, the relative pressure of the adsorption, 
and 0 is the angle of wetting of the wnlls of tllr: capil- 
I aries by t>he adsorbate. The equation in this form 
assumes that ttic capillariw arc circular in cross 
sc!ctiori. 

Two wrious complic:st~ionr; arise from trying to use 
this method in practice. For substances having Iargo 
enough pores to give smooth S-shaped curves of the: 
type shown in Figure 1, it becomes very difficult, t,o 
differentiate between an increase in adsorption tluc! 
to capillary condensation and one due to multimoloc- 
ular adsorption. Tndeed, some hf interpret, ttic: upper 
part of t,he adsorption isotherms of curves such as 
thost: shown in Figure 1 ant1 also those: elbowed in Fig- 
urc lti for poro~~x glass, norm: silica gels, and similar 
substances as due cntircly to rnultilaycr adsorption 
rather than to capillary condensation. Wheeler h4 is 
having some success in separating the multilayer ad- 
sorption effect from the capillary condensation effect 
and thcrelqy is able t,o obtain fairly satisfactory pore 
distributions from nitrogen adsorption isotherms on 
gels at -19.5 C. For the most part, however, this 
confusion between multilayer adsorption and capil- 
lary condensation effect,s has not, been satisfactorily 
resolved. 
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A second difficulty encountered in attempting to 
calculutc~ port? diameters by use of the Iiclvin cqua- 
tion has been pointed out in the literature w G L(i 
on a number of occasions and is especially applic:uble 
to fine-port solids such as charcoal. It is conccrncd 
with the question of whether the diamctcr mcntioncd 
in the Kelvin aquation [equation (8)] is the diameter 
of the capillary ufter a monolayer has been adsorbed 
or before it has been adsorbed. If the capillaries are 
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lurgc onough to permit multilayer adaorpt,ion, the 
thickness of the layer left on the surface aftor a capil- 
lary omptics at, some given desorption prexsurc also 
comes into connitl(:rat,ion, since, according to the 
multilaycr theory 3 one may have several statistical 
layers left, on t,lic? surface at< sufliciently high relativt: 
pressures. This second difficulty can perhaps best bc 
discussed in cormaction with Figure 17 showing t,he 
adsorption and dcsorption isotherms for nitrogen on 
several typical charcoals. It, will be noted that the 
desorption isot,lierms show som(: liystcrctiis compared 
to the adsorption isotherms. The desorption curve, 
howc>vcr, rejoins the adsorption curve at about 0.35 
to 0.4 relative pressure. 

It, has been pointed out by Cohan 45 that for a large 
number of adsorbates, the dcsorption isotherms rc- 
join the adsorption isotherms at a relative prcssurc: 
which, according to the Kelvin equation, figures out 
to correspond to 4 molecular di.ameters. On such a 
basis the adsorption of nitrogen on the charcoals 
shown in Figure 5 would indicate only a cnmpam- 
tively small pore volume in excess of about 20 A 
diameter and less than about 2000 A diameter (the 
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~~TTRIC 17. Adsorption and des~rp~ion isotherms for 
nitrogen on scvcrd I,ypical charcods. 

upper limit fixed by t,he highest rolative pressure 
0.99 lo which the runs were carried). These curves 
also make it, clear that for nitrogen, at, least, empty- 
ing of a capillary by evaporation of the portion of the 
adsorbalc hcltl by capillary contlcnsation, leaves at 
least a monolayer of adsorbate on the surface. For 

charcoals such as those shown in Figure 17, on the 
other hand, tlcfinitc! qualitative evid&:c is given by 
the nitrogen isot,herms as to the proscnce of capil- 
laries in the range 20 A to 2000 A in diamctor. 

The two complications discussed thus far arc in- 
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volved cvcn when the desorption curve shows marked 
hysteresis in comparison to thr: volume of gas picked 
up at a given relative pressure during adsorption. 
MatJters arc made even more c:omplicat,ed by the fact 
that, ancording to some! imcrprctations of capillary 
condensation, one may not, obtain any hyst,eresis 4L 
even though capillary condensation is occurring. It, 
is claimed for example that, if capillaries are wedge 
shaped no hysteresis is to bc ttxpcctcd. Also, if t,h(>y 
arc! cylindrical but have: some narrow portion 1~s 
than four molecular diameters in diameter they will 
not>, according to certain hypotheses,‘b give h.yst~r- 
csis. For all t,hese various reasons it may be concluded 
that deduct,ions 2,s to capillary size and tlistribulion 
based on the adsorption of molecul(Ns other than 
water vapor are susceptible to only qualit,ativt: in- 
tcrpretations at bc?st,. Even if hysteresis (the usually 
at:cc!pted criterion for capillary condensatJion) occurs, 
the interpretat,ion of the results on a quantitative 
basis is matic: very dilIicultj if not, impossible by the 
uncertainty as to the thickness of the adsorbed layer 
left after evaporation of the portion of the sorption 
that is due to capillary condensatjion. 

Thcro is one adsorption region in which the Kelvin 
equation rnay be applied to nitrogen isotherms wit,11 
a somewhat greater assurance than indicated above. 
Tt, is the range near saturat,ion extending up to the: 
highest rc:lutive pressures t,hat can be convcnicntly 
mc:asurc:d. By the use of t,lie Pearson gauge: 27 for 
measuring pressures very close to saturation, nitNro- 
gcn adsorption meawrrements have been rndde on 
scvcral charcoals. Typical adsorption data 27 are 
plott,ed in Figures 18 and 19. The adsorptNion in the 
range 0.99 to 0.999 covers diamctcrs between IX00 
and 18,000 A, if one assumes that, the Kelvin equa- 
tion is valid for the calculation. 1‘1~ question may 
be asked whether the abrupt rise in some of the iso- 
t,herms in this relative pressure range may not IN: 
partially causctl by the formation of multilayors on 
the surface of the large ports. It is difficult, t,o give an 
exact answer in the absence of any certain knowledge 
as to the: thickness of films that will 1~0 built up with- 
out capillary condensat,ion. The I3lW cquation,3 if 
followed, would prctlict layers I ,000 molecular diam- 
r:tcrs in thickness at, a relative pressure of 0.999 and 
a C vu11w of 100. However, this is ccrtuinly much on 
the high side since tin: BET equation predicts ad- 
sorption t,hat is too high at all pressures above 0.35. 
It seems more likely from t,he few measurements re- 
ported in the literaturr: 4, 5 that no more than 50 lay- 
ers would be built, up. This would mean that the 
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cods carried 00 high relative prcwms. 
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multilayer built up would 1)~ no more: than about 
lO();, of the tolal volumt? of liqrlitl requirctl to fill porw 
of this size and, henw, could be ncglectctl. The exact 
uti1it.v of these measurc:mc!nts will be dixcwsed in a 
later section t;l1011gh it, may dl be pointoti out hwc 
t<hnt, as shown in Figure 1.9, Iwt,h 5:wul and CFI 
“(.~C:” charcoals sl~ow no ntlsorption incrc::w betmccn 
0.99 and 0.999 and arc wry poor bases for whetler- 
izution; on the other hand, the clwrcoals shown in 
Figure 18 can both be ct)nvc:rted inl o whetIleritos and 
have a c:onsitiwnble inwcwe in adsorption in this 
range of rclativc pressure. 

Tt has been poiritccl out Illat, by sclwting propc:r 
adsorhatex having large protL+ of VU/~’ [see qua- 
tion (7)] it is possil,le to estcxid the pore measlw- 
merits to 1:trgcr tliameters without wt&ing at 1$&w 
relative preserwcs. CC:l~,57 ~ pyritline,58 and Gibutyrin G9 
have been etnploLvcd in this way to extcntl the meas- 
~uwncnt,s to 4000, 5000, and 13600 A, rcspcctively. 

6.4.3 Pore Size from Water Adsorption 
and Resorption .Tsothcrrns 

It, was suggested many years ago 38 that adsorption 
isotherms for water vapor on charcoals could be used 
for calculating porn size distributions. Howover, as 
point;c:d out in an ewliw section, there seems good 
reason to doubt tIllat all of t,he water picked up by 
charcoal during adsorption is held by capillary wn- 
den&ion. The similarity betmccn the adsorption 
isotherms for water vapor on well tlcgnssed, non- 
porous carbon l&k 42 and those for charcoals such 
as shown in Figures I 1, 12, and 15 suggests caution 
in making any pore size calculations from the adsorp- 
tion curves. 01~ t,he other hand, tht: desorption iso- 
t,herms for some! of the chart:oals givt! wery indicu- 
tion of representing the emptying of capillaries with 
little or no residual adsorption. (&ulations such as 
those madc by Juhola, therefore, seem entirely war- 
ranted provitiod the cl~urwals used are those having 
negligible adsorptjion below about 0.4 relat#ive prw- 
sure. 

If one applies the Kelvin equation to a desorption 
isot,hcrm such as shown in Figure 1.5, md uses a value 
of unit,y for cos 0, one obtains pore diameters in the 
range 30 t,o 40 A for most of the sample. These are 
clearly too large for they would not afford a sufFi- 
ciently large area to account for the surface area 
measured by nitrogen adsorption or by the adsorp- 
tion of other gases. l’hcre seem Lo be two alt,c:rnatives 
in interpreting the desorption cwvcs. The possibility 
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Psisls t,h:tt the angle of wething is not, zero degrees but 
an :tnglc of such size as t,o yield a cos 0 between 0.5 
and 0.G. As mill br? SCCI~ in the nnxt, wkion, nuah 1~ 
choice of cos 0 yidtls pow tlistril~ut~ion CIII’V~H tllut 
appear to lx wry rt::~~sor~abl~. On t>lw other h~tnd, one 
might be inclined t,o inl,cqrc:t Llic rcsull to mc:tn th:tt 
co8 0 is equd to I , hiit t,li:.lt, ~t~t,ac:lic:tl I,0 cwli of the 
ports of t h: 30 t,o 40 x ports ~~tl’c :L sufficient number 
of smsllcr porw in the rttnge 10 to 20 A which adsorb 
w:lt~c:r only cvhcn t)hc Inrgcr pores are filled. An obvi- 
ous w?aknws with this I:d.t,clr int,crprctatNion is that it 
does riot, :Iccourit for t,hc dwncc of LL~ qpreciable 
nurnlwr of ports in the range 20 to 30 A in which it, 
is gcncrully believed capillary condensation cwi 
OCCIII’. 

IL must be kept in mind that, it is ent>irely wit,hiri 
the realm of probabilities that, t>he vsluo of cos 8 
changes as a funct>ion of the relative ~~CMSIII’C. As a 
matter of fad, the he:Lt, of ndsorpt~iori w0u1d lw es- 
petted to increase to a value correspontlirig t,o the 
heat of liqrdact~ion of water vapor as soon as the: 
surface is covered with a monolayer of :dsorbed 
water vapor. Tcrom csporimnnt8s on c:arlw~~ Idtick 42 
t,hat, has been stripped of its surf:w: cornplcs by high 
temperature evacuation, it> appears t,ti:Lt, :I, rnoriolayer 
of a sorbed water formtd :It, about, 0.85 rd:ttivc pres- 
sure. It, might not, tw surprising, t,lic:rt:forc:, by unalogy 
10 cxpcwt, tht? cos 0 1 wrri t,o l~cco~nc substantially 
rmit,y :~lwvc 0.8 t,o 0.9 rclut,ivc pressure. Furthermow, 
Llic shift 24 of t>hc: st c:c:p pwl, of t,li(: tlcsorption part< of 
:I, w~tcr isol,tic:rm to lowr wlntivc pressures as one 
coah t,he surface with chemisorbed os,vgen is :Ln in- 
cli&ion that COB 0 for a complex c:ovcw:tl slwf:tce is 
greater t,han for one dhout, R surface: co:tting. 

6.4.4 l’orc Size from Surface Area Changes 

11tmlting from Water Take-up by 

Charcoals 

P’or cylindws, 1,11c tliurneter L), die volume V, and 
1 h(: :tre:t A, are relat,ed by the equation 

the capilltwy :tnd the change in available area by the 
equation 

(10) 

Juhol:r. WM the first lo point out that by measuring 
t>he surfwc: HL’C~~ of it ch~~~~al with nitrogen (at liquid 
riitrogcn tcmpcrutrlre) as a function of the amount, of 
wat,er present, one could obt,ain a curve from which 

the pore diameter clistributlion of the charcoal could 
1~: cu1wlnl.d. The ILO desorption isotherms for the 
c:harc:o:~ls ud :wc shown in Figure 20. The change in 
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area vs volume curves we shown in Eigiirc 21, ~ntl 
the resultling plot,s of pore tliamet,ers against, rc:M,ivc: 
pressure of condensation of writer wc nhocvn in Fig- 
ure 22. It. soon beca,me :qparc:nt,, howwcr, that Llw 
twhniqun of measuring port diameters by t,liis pro- 
cedure would be quite laboriorls. .J~~hnlt~, therefore, 
suggest~wi using ttic: mct,liotl merely as a means of 
evaluating the co8 0 tcrrn of equation (7) and there- 
:tftcr using this littter equnt,ion for pore size mcasuw- 
merits in conjunction with wdcr :dsorpt,ion dttta. 
IIe has used this method ext,cnaivc:ly I7 for obtaining 
pore size clistribldions over the r:l,ngc: up to nbout 
100 A. 

Juhola st,at,es I7 t,hat, tht: Kelvin equation, wit,h 
COA 6’ equal to about 0.55, :1grw:s sdisl’ftctorily with 
the values obt,ainecl when cqwt,ion (9) is applied to 
the surfwe area vs volume expc:rirnc:nt81;: at relative 
pressures up to about, 0.9. hbovc: this, he reports, t,hc 
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Kelvin equation dots not, hold. Actually, there is less 
reason to expect; t,hc Kelvin equation to fail at, rela- 
tive pressures above 0.9 than at lower relative pres- 
surcs. From comparison with the water adsorption 
experiments on degassed carbon black, it seems prob- 
able that at a relative pressure of 0.9 the portion of 
the charcoal not covered by capillary condensation 
has at least a monolayer of adsorbed water vapor on 
it. IIence the angle of wetting is likely to be much 
more nearly zero t,han for lower rclutive pressures 
where no such film exists. Hence, one would expect 
that cos 0 above relative pressures of 0.9 might equal 
unity. Presumably, the objection to interpreting the 
water isotherms in this way has to do with the lack 
of smoothness with which the port diameter VR port 
volume curves (such as shown in Figures 23 to 25) 
extrapolate from the lower pore diameter range int,o 
the curves for the higher range determined by the 
mercury method discussed below. At, any rate, 
Juhola has elected to leave the region between about 
JO0 A and 2000 A diameters as undetermined in 
most of the materials he has studied. 

into account only the angle of wetting. Actually, it 
may be, perhaps, a const,ant t,hat, takes int,o consid- 
eration any variation in (1) the surface tensions, ff; 
(2) the molal volume, V; and (3) t)hr: angle of wt!tt,ing 
in the small pore rc!gions where we have no direct in- 
formal&m as to t,he. validity of the values for these 
terms as tlotcrmined from bulk water. 

The choice of the value of 0.53 for COY 0 is, as 
pointed out by Juhola,17 attended with considerable 
uncertainty. Dcpcnding upon the density selected 
for water and for the adsorbctl nitrogen in the experi- 
mental work, this cos 0 term might, vary from 0.44 to 
0.58. Nevertheless, for those charcoals in which there: 
is negligible water adsorption at relative pressures 
below about, 0.4, the method appears to give very 
reasonublo values for pore diameters. Distribution 
curves for about I IO charcoals or charcoal-producing 
mutcrials arc given by Juhola in his final reporLtt 

6.1,.5 Measurement of Port Size hy High 
Pressure Mercury Method 

In the application of the Kelvin equation to water Washburn 60 was the first to suggest that one could 
desorption isotherms for pore diameter measure- Incasure the diameter of pores by measuring t,he 
ments, the cos 0 term has been considercd as taking prcssurt? ncccssary to force mercury into them. It can 
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be shown that the diamct,cr of a cylindrical capillary 
is related to the dnnsit,y p, and surface tension u of 
mercury by the equation 

(11) 

where 0 is the angle of wetting (taken as - 180 de- 
grees), h is the pressure: applied and g is the gravita- 
tional constant. This m&hod was selected and ap- 
plictl 52 to a number of charcoals using pressures up to 
100 atmosphcrcs in some of the early war work at 
Johns IIopkins IJniversity; it has been much more 
rxtcnsively stutlictl and applied by Juhola I7 on more 
than a hundred c:l~arcoals. Juhola I7 tostcd the 
mct,hod on a block of briquetted, carhonizcd coconut 
shell charcoal by boring a hole 0.015 in. (3.81 X 

10” A) in diameter and measuring the pressure re- 
quircd to force mercury t,hrough it. Four runs gave 
results of 3.39, 3.90, 3.43, and 3.75 X 1OR A, which 
agree well with the actual value, 3.81 X 10R A. 

Recently, Ritter and Drake u 62 have published 
details of the method as applied to cracking catalysts 
and also to a number of commercially available char- 
coals. Their runs have extended up to 10,000 psi 
pressure and, thcrcfore, include measurements to 
pore diamotcrs as small as 200 A diamctcr. A number 
of t,hc!ir resulting curves are shown in Figures 26 
anti 27. 

Several inherent characteristics of the mercury 
method should be noted. If bottleneck capillaries 
exist, it, must be realized that the pore diameter meas- 
ured will ho that of the narro\v neck rather than the 
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r&ion is now apparr:nt. Tt is not surprising in this 
connection lo note that the few measurements f7 on 
nitrogen ttdsorpt~ion in tl-if? pressure range 0.99 to 

0.999, corresponding to porf: sizes from 1800 to 
18,000 A, show much smaller volumes for a given 
port size than are shown by the mercury runs. A com- 
parison of seven charcoals is &own in Table 2. 

TAnI& 2. Mwsqwre volume in the 180 to 18,000 A 
dhmeter range. 

-_.. -. -- ..A_. ..- ~. .._y7zzL.. 
Pore volume 

ClWCd By NI ads Dy HR metshod 
_,- .~ ““.-~ ,, ~.._ 
CWSN 19 0.04 0.148 
CWSN 196 RlS 0.042 0.308 
CWSN 1% BlX TTT 427 
CWSN l&i HI X TH 410 

0.039 0x27 
0.050 0.301 

NDRC: S12ti 0.006 0.0044 
CFI “CC” 0.0016 O.Ol!) 
PC1 P5Y 0.062 O.lOfi 
~. - .~.., ..~_ .~_. 

The mercury port: measuring experimt:nt,s are? ac- 
companictl Ii by a hyst,eresis \vhicli, for devolatilized 
or activated charcoals or charcoal m:bterials, is usu- 
ally equal to 90 to 95’j;;, of the mercury in thr: pores. 
011 the other han(l, some of the bak(ltl C~~MXO>LI BLOCKS 

show prior to activation as little as Xi?{, of the: total 
mercury retainctl in the sample whrn the prnssure is 
released. It is a curious fact t,hat the: samples showing 
the smaller mt?rcury hysteresis arc also those that 
show little or no water hysteresis. .Juhola I7 has sug- 
gested t,hat this may bo interpreted as evitlrnce for 

the formation of bottheclc pores during activation, 
the narrow constrictions in the small pores being re- 
sponsible for the water hysteresis and the narrow con- 
strictions in the larger pores, for the mercury hyster- 

*4 es1 h . 

6.5 INFLUENCE OF PORE SIZE AND 
DISTH I BUTJON ON CHARCOAL 

PERFOKMANCl< < 

The object of all the pore distribution and size 
measurements described in the preceding sections has 
been the elucidation of the fadtors rcsponsiblc for the 
activity of charcoals for gas mask work. Such activity 
is of two kinds. The charcoal, by virtue of its adsorp- 
tivc properties, is able to removtl some of the poison 
gases that are likely t,o be encountered. Other gases 
can be removed only by adding chemicals to the char- 
coal capable of catalyzing the oxidation of the poison 
gas or of chemically reacting with it. For this latter 
type of act,ion, the charcoal acts as a catalyst support 
or :L support, for chemically active reagents. Accord- 
ingly, all correlations between pore dist,ributions and 
activity arc concerned with these two general meth- 
ods, adsorptive and chemical, by which the charcoal 
in the mask accomplishes its purpose. In this section, 
WC shall summarize such conclusions as have been 
reached between the slructurc of the charcoal and its 
activity. 

6.5.1. hfinition of Terms 

At, the outset, it, will be convenient to &fine a few 
arbitrary terms that will bc useful in the discussion 
of activity, The terms to be defined are free vohrtie, 
su6wh+opore volume, micropore volume, and macro- 
pore volume. 

Free volume is t,he term used 63 to designate the pore 
volume of a charcoal that is not filled wiLh nitrogen 
at, a relative pressure of 0.99. It, is obtained by sub- 
tracting from the total pore volume, as measured by 
immersing charcoal in mercury at one atmosphere: 
pressure, the volume equivalent to the amount ol’ 
nitrogon taken up by t,he charcoal at a relative prcs- 
sure of 0.99. A value of 0.808 was assumed for the 
density of nitrogen in tIllis calculation. To a first up- 
proximi&ion, the value of the free volume should 
agree with the pore volume measured by mercury up 
to prcs:xures of 100 atmospheres since the latter, as 
well as the 0.99 relative prwsure measurement for 
ni trogan, corresponds (as calculated by the Kelvin 
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aquntion) to lrore diameters of about, 1800 A. In 
Table 3 are shown the values obt,:rined 27 by the 
mc:rcur.y met,hnd and by the free volume calculat#ion 
on typical charco:~I~ and whetleritcs. The agreement 
between the t)wo rnet,hocls is probably wit,hin the com- 
bined experimental errors. For csample, t,he change 
in the calculation of the free volrnnt: for the charcoals 
and whet,leritex listed t,hat would rcwlt~ from assum- 
ing that t,he density of the liquid nitrogen in the cap- 
illaries is 1.0, rnlhcr than 0.808, would more than 
equal the largest differences between the mercury 
penetration and t,he free: volume results in Table 3. 

TABLE 3. Free volnma irf charoortls compnrcd to rwtcro- 
pore volume to 100 atm by Hg nethod. 

=e.:--~-~-z=TzIr ____-.- =. .~ 
Free Volume by Hg 

Ch.zrcosl Vollme* met,hod t,o IO0 atrn 

CWSN 19 0.162 0.199- 
CWSN 196 BlX 0.402 0.475 
CWSN 196 BlX TH 427 0.4% 0.491 
CWSN 196 nIX ‘CH 410 0.467 0.461 
NDRC SI 26 0.007 0.026 
cm “CC” 0.009 0.050 
PC1 I%& 0.265 0.304 

-- -_ --~ 
* Free volume is t ho diff?lenw bnt,wcrn lhe lotid porn vol~~mr nnrl the 

nit,roficn ndwxption r&t, 0.09 r&dive prrsnurc (c~nlculitld nn lipid). 

&bar aud .I uhola 64 arbitrarily detined w~,*cTw~mm 
as those that tm: t,oo large to fill with water vapor by 
cepillar.y condensation at 80 7~;; Ml. The macropore 
volume is t,he diffcrcnce bet,wecri the pore volrm~c: as 

measured by mercury at, one atmosphere pressure 
and the apparent vohimc occupied by the water 
picked 111~ at, 80 %, RH during adsorpt,ion as judged 
by helium displacement. M1:cropores arc then defined 
as the port volume fillotl wit)h water at SO’;;, RII. 
Rzlbmicropol,s.s were delined originally Ii4 as those too 
small to permit, water to condense in them but, large 
enough to admit, helium atoms. The volume: of the 
sul~micropi~res was determimtl hp measuring b.y 
helium displacemom the apparent, volume 0ccupic:tl 
by the water picked up at, 80 3;) RH ant1 suht,racting 
from this volume the calculated vohmc~ for the water 
based on the assumption that the water condensed in 
t,he capillaries has a tlensit,y of 1. 

6.52 Free V’olurne and Activity of 
Whetlecites Toward CK (80-80) 

Early in the work it, was t&covered that CIC rc- 
moval under Ml-80 conditions by mhetlerites mado 
from some base charcoals was much less effcntivr: 

than by whctlerites made from other ch:~rc:oals. As a 
first suggestion as to the possible cause of the differ- 
ences in hasc charcoals, it was pointed orlt liti Lh:Lt the 
better base c:harc:o:Js had nitlrogon isotherms in which 
the adsorption bet,ween 0.4 and 0.99 rcl:~t,ivc pressure 
range mcrcas( h .I !/,. - I ’ ram’s or more. This was constructi as a 
clualitativc indication that1 *orno pore vohnnc: in the 
range 20 t,o 1800 A diamet#er was essential Lo :L base 
charcoal for a good whellerilc. It, soon became evi- 
clont,, homevi:r, that nlthough this seemed t,o be 
necessary, it was riot, :L sufficient property of a base 
charc:o:~l to assure it, being useful Car making mhetler- 
ites. For oxample, C?Fl charcoals yicltlorl isotherms 
that, increased 18 vi, over this relative: pressure range, 
yet would n.ot make good whet,lerilcs. 

It was next, suggest4 63 that, the free volume of the 
c1~arcot1.l would be a more useful criterion by which to 
judge the effectiveness in making whntlerites. This 
suggestion was based on the belief t,h:tt, possibly pores 
larger than 1800 A were also important, in det~ormin- 
ing the clrmlity of whetlerilc. A comparison 23 of a 
nnmber ol charc~~ds showed that unless lOn/& or more 
of the pore volume was free volume the charcoal 
would not make a good whet#lerit,c:. Thus, Saran and 
CFI “CC:” charcoals, with pract,ic::Jly no free volumt? 
formed almost inactive whetleritos. However, thcrc: 
were clearly other factors ent,ering into the pictrne, 
for a number of charcoals giving free: volumes equal 
t&o 15% or more of their t,ot,al porr: volumes yield4 
poor whetleritea, whr:rc::~s others gttvc good whet - 
lnrites. 

All at~temptetl correlat#ioris between the 80-80 (:I< 
activities of wtietlerit,es and th free voli~rric: as 
judged by nitrogen adsorption were based on the 
belief that the nitrogen isotherms and free VO~IIIIW 

might, indicate tlic amount, of port: space that would 
not, be filled wit111 water by capillary condensation at 
YOC7/, RH. (obviously, t>his correlation would be rather 
approximat,e since a Kelvin equation cdculation for 
water vupor would indicato t,liat a capillary retaining 
water at 80 yi, 1l.H would be 95 A or less in tliamoter 
if cos 0 is taken equal to 1, wlicroas nitrogen at 0.99 
relative prcssuro should bc held in capillaries 1800 A 
or less in diameter. Use was, therefore, made of H 
corrected fret volume 27 based on t,he volume not oc- 
cupied by nitrogen at, a relative: pressure of 0.745. 
This should agroc with the volume not occupied IJY 

water at Ml”/;, RH if cos 0 for the water desorption is 
about 0.7. In Table 4, the act,ivit,ios of a series of 
whetlerit,es are shown toget,her with vsluos for free 
volume and correctctl free volume. Also, values for 
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TABLE 4. C~ornprkor~ of tlifferent pcrrc measurements :tnd X0-80 CR tzctivities. 
_ .-. -. -. A-. .~.. ..-.. ..- .-. .~ -A. .-^.--. .-. .-. .-- 

Mncroporc 
Correclcd* vol per 

Prec vol fret vnl Zahor nnd 80-80 CK 
C%arc0:t1 Methods of preparing bat;e chnrconle’ cc per I: cc per g Juhclla Lives (min) 

-, ~ .~. -..I ~.. ..~~~. .~-.-- ^ ~ ~.“.. 
c:wm I!) . . . . . . . . . . . . . 0.13 0.14 0.22 ot "- 
NDRC: Sl 26 (S>~rr~,n) . . . . 0.007 -0.007 ot 
C:FT “<KY 
CWHN 196 PJlS TTT 42.7 in&o&ed~2y~ c,~,o,: S,tc:Ad to.22j& Agilt, loss 

0.007 -0.007 dii ()t 

. . 0.47 13, 1.5 

0.X 0.46 19 

0.38 0.48 14,18 

0.34 0.34 24 

0.37 0.46 12, 12 

0.42 0.48 10,20 

0.30 0.34 22, 2F, 
-I"- x- 

TARLE 5. Pore volume differences between base chars nrld whetlerit,es for ~n~r~plcs prepared from CWRN 196 l3lX. 
.~ I ..-_p--. 1 ^ .-.-~-e.~zzY .-_. _ ..L .- -- VW,--- .- 

Vol difference lret,wcen Vol difference between 
base and whctlrrite l~asa and whctlerite 

Weight of Volum! of (Hg perletr,zt,ion ut ( NI adsorption at 
whctlcrite components whetleritc comporlenk 100 .zt,m) P/P” = 0.99) 

Sample g per cc grariulc cc per cc gi-:Lnrilc cc per cc grm11e cc liquid per cc gmnule 
-.- 
C:WSN 196 131; TIT 432 

.~. .~_I_~ ,.~. ~-.~, .-_-_~x -._- 
0.182 0.036 0.005 0.0527 

(:WSN I!)6 BlX TH 436 0.127 0.025 0.001 0.0681 
CJWSN 1% HIS TH 429 0.132 0.026 0.009 0.0620 
CWSN 196 nIX TH 427 0.157 0.031 o.003 0.101 

.^ .“_.~.. ~I~_ ~.. --.-_.....-.. - 

the volume: of macropores are shown as tlcfmed by 
Labor ant1 .Juhol:~.~* It will bc noted, in general, that 
all the active wholleritea have macropore volumes 
and corrected fret: volumes that agree with each 
other and are large compared t,o those of the: base 
charcoals that, do not, produce active whct,lcrites. 
Thcsr limited data afford no direct, correlation be- 
twcen t,he activity and the macroporc or corr&etl 
free: volumes, but t,heg do seem t,o indicate the neces- 
sity of a macropore or correct,c:d free volumr larger 
than some minimum t,he exact, value of which is riot 
clearly defined. 

One other conclusion seems evident from mcusure- 
merit, of the volume of pores greater than 3 800 A by 
the mercur.y displacomcnt methodZ7 Of t,hc whetler- 
itcx made from the four charcoals listed in Table 5, 
the impregnated chemicals do not, amppear bo be lo- 
cated in ports larger than 1800 A to any great ex- 
tent. Specifically, from 5 lo 3O”i; only of the whetler- 
izing materials are so located. This observation is 
checked by the fact, that the &crease in volume of 

ports below 1X00 A in size, as judged by the nitro- 
gcn adsorption isotherms of impregnatotl and unim- 
pregnatetl charcoal, in more than enough to account 
for t#he cntire volume: of whotleriziq components. 
Presumably, the whetlerizing materials are not, only 
locatlctl in pores smaller than 1800 A for the most, 
part, but, are in ports sufhcicnlly small to cause some 
pore blocking. The data in this table point to the con- 
clusion that the nccrssity of :1, considerable macroporc: 
or corrected froc volume in good charcoals may be to 
furnish a sufficient number of channels through 
which t,hc gases can reach the whetleritc responsible 
for their removal. Nothing in these results throws 
any light, on the question of the size pore in which 
most of the actual removal of the CIi occurs. 

6.5.3 Macropore Volume awl CK SO-80 
Activity 

Zabor and Juhola Ii4 and later ,Juhola I7 have made 
extended comparisons between the macroporc vol- 
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FIGURE 28. Hreak t,imc for CX 80 80 MlOAI car&w 
testf3 ns x funcliw of mwxoporc volume. 

umes of charcoals and the CK 80-80 activities of 
their whctlorites. A plot of the break time in minutes 
for the Cl< SO-80 R/110,41 c:anist,er tests I7 is shown in 
Figure 28 as a function of macropore volume. The I’C- 
suits for this large: number of samples arc less definite 
than indicated by the first paper of Zahor and 
Juhi~la,R* in the fixing of a minimum mac:ropore v:tluc 
below which a whotlorite will have prac:tically zero 
uctivity. They indicate clearly, however, that the 
lurgcr the macroporc> volume, the better t,he chance 
of the whetlerite having a high CK 80-80 lift. Appar- 
ently macropore volumc:~ helow about 0.15 cc per cc 
granules arc too small to yic?ld active: whetleritos. 

Juholu I7 has discussed in detail the: various factors 
that could conceivably cause! the scnt,tcr of the results 
in Figure 28. They are (1) location of impregnunt, 
(2) macropore surface area, (3) pore size distribution 
in the macropores, (4) carbon surface propertics, 
(5) state of tlic impregnanl, and (0) port size distri- 
bution in tho larger micropores. Apparently all the 
blame for the scattering cannot be placed on any on0 
of these fact,orx. On the other hand, there is consider- 
able evidence that slight variations in whetlerizing 
technique, in lhc length of time elapsing bet,ween the 

preparation of tho whetlerites and their testing, and 
in the nature of the surface of the charcoals in them- 
selves, account for a considerable scatter in tho CT\’ 
SO-80 activity tests. Juhola l7 calls attent,ion to t,wo 
examples in which l(?aching the initial whetleritc and 
rcwhetlerizing increased the CK SO-80 life from 0 to 
27 min in one case, and from 57 to 90 min in another. 
Obviously, this change is not connected with pore 
alteration in the ch&rcoal. Accordingly, the agren- 
mcnt indicated by the data in Figure 28 is probab1.y 
as good as could be expected. It is certainly suffi- 
ciently good to indic:at,o tho extreme: importance of 
macropore volume HH a criterion for selecting bascb 
charcoaln for making AN: whet,leritca. 

6.5.4 Pore 

.hC, SA, 

Size in Relation to the PS, 

and CG- Lift of a Charcoal or 

Whctlerite 

In a previous section (Figure 8) attention has al- 
ready been called 23 to the apparent relation between 
the PS life of a oharcoal and the amount of nitrogen 
adsorbed at a relative pressure of 0.~1. Since this is a 
prossure that probably will form from one to one and 
a half monolayers of adsorbed nit,rogen on the? chur- 
coal, it, may be considered as a rough estimate of the 
surfttcc area. It wnnltl be even ldter to plot the PS 
life against the surlacc: area valuc?s for the various 
charroulx hut, unfortunately, this is made difficult by 
the lack of precision in obtaining surface area values 
for adsorbcnts with pores as small as those of char- 
coal. An even better corrclntion was pointctl out be- 
tween the PS life and the adsorption of PS or other 
molecules of similar size. 

Juhola I7 has plotted the micropore volumr! of :L 
number of charcoals against the PS life with the re- 
sult, shown in Figure 29. As 11~ points out, thcro is 
considerable doubt as to whether a plot of this kind 
is significant in view of t,he fact that, almost certainly 
PS will be ads&ccl HS at least a monolayer on the 
entire charcoal surface at the relative pressure of 
0.25 (47 mg of PS per litcr) at which most PS life 
tests arc made. 

Insufficient work has Leon done to draw very deli- 
nitc conclusions relative! to the relation existing be- 
tween pore volume, port: tWribution, and the activ- 
ity of B charcoal towud the: removal of AC and Sh. 
l+om the study of activity vs time of activation of 
PC1 charcoals, TNacet and Skei B8 obtained dLbt:t. 
which indicate that SA activity is very low for the: 
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FIGUHE 29. Micropore volume of v:trinus chrt~oels w 
PS life. 

first 100 min of activation and then rises sharply, 
almost, linearly, with t,ime of activation. Unfortu- 
nately, pore size measurements were not made on 
the samples in this series of runs. IIowcver, accorcl- 
jng to a similar series reported by Juhola l7 (Figure 1.9 
of his -June 1945 report) the pore size that increases 
abruptly at about, 100 min of activation is the range 
18 to 2000 A diameter. Presumably, therefore, pores 
in t,his range arc essential to SA removal. In contrast, 
t>o this, AC activity, according to Blacet’s and Skei’s 
results, increases from tho start and for the 80-80 
test,s has reached about, SO(s of its maximum by the 
end of 100 min of activation. This suggests that per- 
haps the smaller pores and capillaries (those under 
18 A in size) arc especially necessary for AC removal. 
Doubt is thrown on both of these! conclusions, how- 
ever, by the fact that the SO-80 CK activity behaves 
quite differently as a function of the time of activa- 
tion in Blacet’s and Skei’s I8 tests and in those re- 
ported by Juh01a.‘~ Tn the former, the CK activity 
tqins rising abruptly after aboul 30-min activation 
and reaches a life that is, at least, 80% of the 
smobthed maximum by lOO-min activation. In con- 
trast to this, according to Juhola’s report,17 the CK 
SO-80 activit,y is very low during the first 90-min 
activation and then rises linearly with time to an 
activation of 300 min, the longest activation period 
employed. This makes one believe tha2t conditions 
during the activation of the two &es were not the 
same and that, accordingly, the pore size measurc- 
ments, as a function of time, on the series reported by 
,Juhola may not be the same as on the series reported 
by Skci. It should be emphasized, however, that with 

the completion of Ihe methods for measuring pore 
distributions in charcoals and whctlerites it is now 
possible to carry out, cxperimcnts that, should throw 
morI: light on tdle mechanisms of removal of the vari- 
ous gases by charcoal than has been possible in t,he 
past. 

The CG tc:st data reported by Zabor and Juholu 64 
indicate that macropore volume is as important to 
the: removal of CG (SO-SO test conditions) as it ap- 
pears to be to the removal of CK under 80-80 test 
conditions. In both casts, according to these authors, 
thert: is a minimum macroporc volumo below which 
the CK and the CG lives arc substantially zero. No 
further information is available rclstive to the CG 
activity as a function of macropore volume. The pre- 
ponderance of evidence certainly indicates Ihe im- 
port,ancc: of macropore volume for Cc* as well as for 
CK removal. 

6.6 PORK SIZE ALTERATION 

When it, appeared that pore size distribution might 
be largely responsible for the failure of certain char- 
coals to make good whetlerites, work was under- 
taken 6n with a view to altering the pore size of the 
base charcoals that would not make good whetler- 
ites. In particular, it appeared that the charcoals 
made at that, time by the ZnClz process were good ad- 
sorbcnts but very poor supports for making whetler- 
ites. A typical nitrogen isotherm of such a charcoal is 
illust,rated in Figure 5. On the other hand, charcoals 
made from coal by certain procedures were excellmt 
both as an adsorbent and as a base charcoal for mak- 
ing whctlerites. The intensive work on port altera- 
tion, accordingly, originatcd with the idea of trying 
to alter the product of the ZnClz process so as to per- 
mit the large plant capacity producing charcoal by 
this process to bc usable. 

The alteration in pore size has been judged mostly 
by the change! in the appearance of the nitrogen ud- 
sorption isotherms up to relative pressures of 0.99. 
Vurthermort:, most of the discussion will be centered 
upon the actual pore alteration rather than on the 
improvement in the whetlcrized product-result from 
such alteration. The procedure in making these whet- 
lerite tests was not, up to the usual standard of whet- 
lerization and testing because all samples of the base 
charcoal had to bc shipped, and because whctlerizing 
technique and whet#leritc testing were in the process 
of change during the period of this work, making it 
impossible to compare adequately one group of sam- 
ples with another. 
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on tither a per gwm or ii pr:r cubic wnt,irnetJer basis; 
both B:CJ and CU wri be left, unch,zngetl in slope or 
ca,n 1)~ increased in dope. An inwease in slope of 
tither of t>tiese last t,w regions is int~erprclcrl as an 
increase in pore vol~unc: in Uiwt: respective ixrigrs. 
011 the dlrw hnnd, tin increase in AK might, rrrwrr an 
iric:rwse in tlic numher of small pores, or it) might 
mc:in :bn incre:tst: in the t,ot#:d surfnctt :I~(::L caused pos- 
sibly 1,~ increases in the numtw of porxs n t,he RC7 
region. 

A few typical examples O” of 11-w efferl of &3ming, 
air oxidizing, hgdrogc:nating ~rtl, to a lirnitc>rl (dent,, 
t,rt!atment with imprcgw&s are shown in Figurw 30 
31. For mm-(: (xnrnplcti, the rendw is referred to th 

wiginal report 6D whcI'(! a, total of 17 figures BllOW :dl 

the result,s that. AMY obtained on pow alt,c:ration. 
Bdow are discussed tlic: influencx: of ,2 few of tlw op- 
erations on the shape of the isotherms in so far :LS 
rtrly general c:oriclusions c:nn he clrxwri. 
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Moth:rut,e ste:lming at, 750 C: on standard charco:ll 
aamplcs increaacd the ntlnorption in region A H. Tllis 
presumably means that added steaming beyond t,llP 
point uwially used for steam-activatstl charcoals con- 
tdnues to open up small ports. This was always true 
on :L weight t&e for the four cl~rcoals studied, 
C:WSN 19,C:WSN 55, coconut charcoal, and Xl P58. 
The adsorption per cc was increased in the AI3 region 
for the fiwt of these: foilr but, Acreases sliglilly for tlic 
other three. Examplcu are given by curves in Fig- 
ures 30 to 3~~1. Thcrc is notlling unusual in these 
steaming resul tn wince new small ports can cert~sinly 
he opcncd up by the tr&mentl with :t resulting in- 
crease in adsorption per gram. If t,he steaming is car- 
ried too far, of course, the adsorpt~ion pc:r cubic ccnti- 
met,er of granules rrmst start t,o decrease because of 
overlapping of the small pores. 
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6.6.2 .Hy;i g ro enalion without I rriprcgnation 

lt does not, seem to be gcncr:Llly recognizcxl in the 
literature that hyclrogonation can alter pore sizes ant1 
tlietribution just as efiectivcly as can st,c:arning. IJsu- 
ally, howover, a somewhat highcr temperature is 
needctl for hydrogenation than for steaming. Fig- 
ures 30 to 34 show curves illustr~~ting the effect of’ 
hydrogenation of the four charcoals &ldied. Vor :~ll 
of them, the adsorption in the AB region per gram 
either increases or remains constant; the slope: of the 
adsorption in tlic intermediat,e BC region remains 
unchanged, and the slnpc: of the adsorption in the 
CD region inc:rc:tses sharply cvit,h an e~pccially rapid 
increase close to a relative pressure of 0.99. In fact, 
the rapid rise in the adsorption hetwcxn 0.9 and 0.99 
relative: pressure is rather charactcrietic of hydro- 
genatirm in the al)scnce of impregnants. 

Only for charcoal CWSN 19 is thcrc an increase in 
the total adsorption per cubic centimctcr of granules 
during mild hydrogcnsliun. Presumably, the major 
attack is on pores in the CD region. 
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FI~JRE 34. F,ff~cts of hydmgcnnl~iorl of CWBN 19, 
(1) CWSN 19; (2) 5% NiO. Hz rtt 1000 C to 27% loss 
Ni(NO&; (3) 5% NiO, H, at 1000 C to 25% loss 
(Ni&); (4) Ha l,rctlt,cd atI 1000 C: to 2fjvSj 10~s. 

6.6.3 IPartial Combustion in Nitrogen 
Containing Limited Amounts of Oxygen 

and No Impregnants 

Mild oxidation of CWSN 19 increased the adsorp- 
tion in the n K region (Figure 30) by a small amount, 
both on a per gram and a per cubic centimeter basis. 
On the other hand, it had little influcncc? on the slope 
of the isotherm ubovo 0.4 rolativc prcssurc:. PrcBum- 
ably such oxidation primarily effects the formation 
of new small pores. 

6.6.4 Influcncc of Impregnants on Steaming, 
IIydrogenation, and Partial Oxidation 

In the course of the work, the action of Cr&&, 
VetOa, MO&~, Na&Oa, and NiO on the various proc- 
esses for altering pore size were studied. These com- 
pounds worn formed in amount,s ranging from 0.2 t,o 
5.0y0 by various prO&urcs.6!’ It is somctimcs diffi- 
cult to gcncrulizc bocausc the imprcgnant produced 

results at times that tliffcrc(I as a function of the 
particular compounds used in getting the given oxide 
on the sample. Howcvcr, in :.L general way the: rosul ts 
were as follows. 

I. I$Oa gave definit,e evidence of catalyzing tlic! 
:tt,tack on t,he charcoal. For cxnmple, at GO0 C in the 
presence of 3 r ‘;i, FezOg imprcgnant a 50 7;) weight, loss , 
of CWSN 19 was brought about, by hydrogcnntion, 
whereas in the absence of the: impregnant praclically 
no loss occurred. Another evidence is the fact that, 
even on a weight, basis, the adsorption up to 0.4 rela- 
tdvc pressure decreased in a majority of treatments 
with Fc& as impregnant. This is tlcfinit,e evidence 
of nn attack on the smaller pores greater in extent 
than any formation of small pores that is taking 
place. The iron oxide invariably causes a consider- 
able risn in the isot,herms betwncn 0.7 and 0.99 re- 
gardless of the gas being employc!tl for activation. 

One result, with iron oxide is espcGlly puzzling. 
Tn a run using 5’Jh iron oxide and carried out, wit,h 
tank nitrogen at, 1000 C to a 13”/0 weight loss, t,he 
t,ot,al pore volume on both the per gram and per 
cubic cenlirneter basis dropped about 20’& Unless 
some error in calculation was involved (the original 
notebooks are not availublc at, this writing) this 
means that, the cloning up of enough small pores by 
the? IO00 C: treatment more than compensates for the 
increase in the number of pores indicated by the 
0.7 to 0.99 relative pressure region. This is the only 
instance in which positive evidence was obtained of 
a pore closing effect: on CWSN 19. 

2. Cr& impregnation combined wivith sLeaming 
on CWSN 19 seems to l~avc little added effect over 
stcarning by itself. On hydrogenation, however, the 
effect, is similar to that of tbc iron in that a consider- 
able decrease in the AB region occurs on a volume 
basis with a marked increust: in the (70 region. 

The: rt?suhs on CWSN 85 arc confused by the fact 
t,hat locating this charcoal to 1200 C even in pure 
nitrogen causes a shrinkage as a result of which the 
adsorption per unit, weight decreases ~YyLore than the 
adsorption per unit, volume (Figure 31). In other 
words, t,he apparent particle density increases. At 
750 C, steaming after imprcgnat,ion with chromium 
oxide produces a very different affect than steaming 
a one. 1 The low-prcssurc adsorption decreases per 

cubic centimeter of charcoal, whereas the slopes of 
both the RC and CL> regions are increased by about 
15y& The hydrogenation at 1000 C> with CrzOo pres- 
cnt seems to produce the same sintering effect caused 
by heating this charcoal to 1200 C but in addition 
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causes a ZOoA, increase in the slope of the CID portion 
of the isotherm. 

On coconut charcoal, impregnation with 0.2 “/;, 
Cr& causotl rlearly a 100 $A increase in the adsorp- 
tion up to 0.4 relativr: pressure on a weight basis, a 
30% increase on a volume basis and a I5(1;;, slope in- 
cxease in Ihe Clfl region (Figure 32). Strangely 
enough, 5 CA) 0203 and stJeamiug produced vc!ry little 
more effcet than straight steaming to a similar weight 
loss, though the slope of t,hc BC? and CJfj regions were 
10 to 20 “/b greater than those resulting from st,eaming 
alone. Hydrogenation of coconut charcoal impreg- 
natlecl with 0.2 or 5(g) C&O, caused none of the slope 
change characterizing similar runs on CWSN 19 or 
CWSN 85, the slope of the isot,herms being identical 
to that, of the original charcoal; in fact>, the marked 
turn-up of the isotherm between 0.9 and 0.99 pro- 
duced by straight hydrogenation is absent when 
C :r& is present (Figure 32). 

PC3 P58, impregnated with C.%&, behaved Iittlc 
tliffcrently on steaming from samples not imprcg- 
natcd as regtlrtl the slope of the isotherms; however, 
t,he larger (5($) C:rzOa content caused a drop in the 
absolute adsorption of 15 or 20 ‘yi) on both the weight 
and volume basis (I’igurc 33). Hydrogenation at& 
impregnation with C>r& produced the same slope 
incrcuse in the: f?D region that was obtained without 
any impregnation; the total pore volume, however, 
of this charcoal was &creased by t,he impregnation 
I)oth on the weight and volume basis (Figure 33), 
much as though a sintering effect, had taken place 
that shifted the adsorption to smaller values on both 
a weight, and volumo basis. 

It is apparent, that Cr& as an imprcgnant can 
effect marked changes in charcoals when combined 
with steaming and hydrogcnat,ion, and that the ef- 
fects are apparently quite specific and dependent ou 
t,he kind of charcoal used. 

3. On steaming, NiO on C.YWSN 19 produces no 
change in slope of t,he isotherms, just as was true of 
straight steaming; however, it appears to drop the 
tot,aI port volume on both a weight, and volumt: basis 
by about 35 %, compared lo the volume after steam- 
ing in the absence of NiO. For hydrogenation, tht: 
nickel results are especially notewort,h.i in that they 
show a decitlcd specificity upon the part,ir:ular nickel 
salt used in impregnat,ion. For cxample, if the nitrate 
is used together with precipitation by NH&II, hy- 
drogenation t,o a weight loss of 29y0 results in a nitro- 
gcn isotherm that, is a straight line from 0.4 to 1.0 
relative pressure with an incrctzse in volume of 20% 

over t,his range, In contrast t,o this, t,hc same per- 
centage of NiO produced from NiC& plus NII&H 
caused no change in slope and only a few per cent 
tlccrease in total adsorption compared to t,he initial 
C:W8N 19 (Figure 34). In fact, tho Ni(:, from the 
chloritlc appeared to have little effect on the hydro- 
geuat~ion. 

The single experiment tried on C!WBN 5 indicated 
that, impregnation wit,h 5(x, NiC) combined with 
liydrogenat,ion at 1000 C> rt:tr:ulted in no change in 
slope of the isotherm compared to the original, and a 
decrease of about 15% total adsorption on bot,h a 
weight, and volume basis. 

4. Impregnation (5%) with MO&, producctl no 
specific effects in eit,her steaming or hydrogenating 
C:WSN 19 other than those: observed without, the 
impregnation. Likewise, 5()~, Nu& from sodium car- 
bonate produced no noticeable modification to the 
hydrogenation of C:WSN 19 at 1000 C. 

The two experimcnt,s on steaming Type A whetlcr- 
itcs (C:u impregnat,ion) behaved q&c differently. On 
CJWSN 19, steaming a whetlerite to a 260/;, loss at 
750 C resulted in an isotherm unchanged in slope 
from that of the original charcoal hut about 35”/0 
smallor in volume t,hsn would have: resulted from a 
steaming to a 40(x) weight loss in th: absence of the 
imprcgnant. On thr: other’ hand, steaming a Type A 
whet,leritc made from C:WSN 55 caused the slope of 
the B(7 and CJI1 section of the isotherm to increase 
greatly, the adsorption at 0.99 relative pressure being 
about 2O(& greater than at, 0.4 relative pressure. 

CTTAKCOALS 

6.7.1 Introduction 

It has long been known ts, aK, ‘o--Y2 that, charcoals 
and activated carbons are covered with carbon-oxy- 
gen complexes, the composition of which varies as a 
function of the method of treatment, of the sample. 
Research on surface complexes of charcoal during the 
war has been carried out primarily because of the 
help it might, furnish in (I) showing the proper sur- 
fact treatment, to give maximum adsorption of cer- 
t,ain gases such as ammonia that are apparently very 
sensitive to the nature of the charcoal surface; (2) in- 
terpreting the aging of bane charcoal that from time 
to time was thought to bc taking place on storage 
under humid condit,ions; (3) interpreting the aging 
of AK> whctlerites that, is known to occur under high 
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humiciit,y ; and (4) indic:al,ing the: type of surface 
complex that, might bc most &:c:tive in minimizing 
the dsorptJion of mater vapor by 11~: wIict,lwit(:s. 

The stud rwults obtIainecl that ftre :ipplic:ddc t>o 
t,he four rn>tin objects of t,he work are, for t,hc: mont, 
part,, resLric:tc:tl to itom ( I ) above. The HI~‘L~: corn- 
ples stldics fdd t,o throw much light on items (2) 
and (3) .X7 This rrwy I)(: duo in part, t:o the fact, t,hrtt 
the surface cornplcx work WAS carried out, in a differ- 
en t labordory from that, in which the \\-het,lerizrtt,ion 
rtntl :q&g work was done. Consequently, tllr clcl:ly 
in getting xnmplw whetlerizwl, the uncert,ain t,ies AUF 
rounding t,lie t,rc:atd h:w: c:ti:trwds during shipment 
for whetlerizfttion, mtl t,lw changing of whetlerixing 
procedures in the wurs~ of this work, :tll tJende!tl to 
c:omplicatJe the drawing of any rigorous c:oric:lusions 
as to the influence of surface complexes on 11~: aging 
of c:i&c:r t>hr: base charcoals or t,he whetIlerites. As for 
(4), t811(: bc:h:lvior of whet,lerit8es toward water vapor 
appcws t,o be much more dependent1 on t,lie pore size 
tlistriMion in the region between tlirttI correspond- 
irig to capillary conclensat,ion at 0.8 relative pressure 
and t,li:d at, I .O relative pressure than itI does on t,he 
nntwc: of the surface complex. The latt>er is more 
likely Lo influence t>he amount, of water aclsorptJion 
ocwrring at low reldive pressures but, is less influ- 
entid on tlir: :uisorption at high rdativc prcssuros. 

The work th:lt, 1~1,s twn tlonc: on t,hc: nurfw: corn- 
pleses divides itsdf mt,licr n:~~t.wdly into t \VO pwts: 
(I ) t,he strrdy of oxygen &orpt,iorl by the: c:l~t~~d 
in relation t,o Ilic dsorptiw propc:rtir:s towurd ttm- 
monia, acids, and ~MHCH; and (2) the measurement of 
the gas evolution as a fiudion of the t,emperat,ure to 
which the various charcoals have been heated. The 
first, of t,hese t\\-o groups of experiments were carried 
out chiefly by Young%*i,7” and his co-workers; the 
SI:I:I~I~, by Anderson.“’ These two resc::1.rdi stJiidiw 
wnlribrl tc 11 grwt, many i~!fnl tlat:l. :mtl c:orrclnlions 
thut will now 1~: twidly summarized awn tlloi~gll 
they fail to give: :i d&ii tc :.Insw(:r to Llic question of 
the relation bet LVPCII the: s~d:tce rompositIion and t,he 
aging of charcods and whet,lerites. 

6.7.2 Oxygen Adsorption by Charcoals 
and its lnflncncc on their Properties 

As point,ed out by Young,73 it, has long been 
known 74, 767 m 7~ soa that, several ciiffnrwt carbon- 
oxygen surface complexes may exist on cliarcd rtnd 
carbon black. Two w 78 of these appear to 1~: formed 
by the picking up of oxygen at room t,c:mperttt we; 

another is clairncd to be formed by c:xposure of char- 
coal t)o oxygen at about3 400 C ; ad :L fourth 7y is sup- 
posetl t,o form ul~wc: MO C in the prc:stw:c: of oxi(liz- 
ing gases. Oxygen wmplcxw have been rc:port;td for 
graphite and diumontl xo as well as lor c~linrwal sntl 
cartwn black. Thr: cxpc:rimc!ntIs revirw:tl :r.ntl sum- 
m:trizt:d in the prescnl, wction were ilirwLc:tl not, HO 
mwll t,ow:trd the verificdon of these various com- 
pl~xw >I,Y toward the shdy of t>hc influence of tha 
c:omplr!xes formed 12t 400 (1: in free oxygen r~pofi th: 

properties of Ihc various charcoals as atlsorbc:nts fol 
:kcids, bases, :tmmoni:~~, HCI, and water vapor. iI few 
c:xperiments were dso rn:dc upon the r:tt#c of oxygen 
pickup by various chrtrc:oals at, room tempcrtiturc:. 
l’tiwe various resultIs tmd 01~:rvntions made during 
this work may be summ:trizd M follows. 

01 I I I I I 
0 50 100 IS0 200 250 

I. 0xygc:n pickup by c:llarc:ods: Lowry as pointed 
out th:kt, oxygen is slowly pickcrl up by ~:lwwuls at 
room t,c:mpr:raturc in tlic: form of B clic:mic:al :&orp- 
t,ion. In ndtlition, tlicre is a rqid phy8iaul adsorption 
which is edy reversible and which urnormts to about, 
lo?;, of a monolayer at one atmosphere pressure. The: 
slow chemical adsorption varies in amount and rate: 
with different charcoals. Figure 35 shows the result,s 
obtained by Young 24 on a typical group of charcoals. 
The tot,al oxygen picked up irreversibly by w-en 
CWSN 4-t is apparently only a small fraction of :t 
monolayer. 

By exposing charcoals to oxygen at 400 C, Young 
has succtwtlcdin Imilding up an oxygen content of as 
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much as 18 $0 on the c:l~nrc:oala. This oxygen cording 
was :Ic~ct~mpanit:d by :.L 5(i5;j weight IOHP. It, xl1o1~lcl be 
notd that even I SC,,, osygcn correspontlx to only a 
monol:~yrr of oxygc:n on the surface of the: carbon. 

2. Influence of oxygen Irc:atJment, on tlic: base and 
:I,&1 rdxnrptive propdies: CW8N 19, upon which 
most of the c:1,rly oxygen complex work was clone, ati- 
sorbed 73 0.27 milli-equivalents of HCl per gram and 
no NaOTT. ‘l%r: time allowd for cquilibr,ztion in ad- 
sorption in Ihese esperimcntx was 30 miri :d t811e 
original c~oncentration of Llie adsorbate solution was 
0.0&V. Osygen-treating thr: r:harcoal incrctlscd the 
base ntltsorption and decrc~sed tlie acid atlnorption. 
The results are shown in Figure X taken from the 
paper of Young. 73 Tn the same tigurc is shown t,he 
N&H adsorption as :I function of the weight loss in 
the oxidution process. 

In Figure 37 is shown the variation of the rate of 
NaOH pickup with time, tJempc:r:d,rlre, and the 
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amount of crrlshing to which the sample hat; I~c:cn 
subjectd. Evidently, crushing the sample ad in- 
creasing tl~(: temperature incrcascx die rate of atlc;orp- 
tion greatly. Neither tetnperaturc: incre:tse nor crush- 
ing has any cffcct, on the final cqoilibrium value: of the 
adsorption. Figure 37 aI~1 S~IO\YR tJlle adsorption 
curve ol~t~:~inecl by dlowirig 24-hour eyuilil~ration and 
by using adsorption solutions that, w(:r(~ MN. As 
poirlt~crl out by Young, the dope of this caurve indi- 
(:3&s t81iul for every eqliivalent of aciti-forming powel 
lost by the cha,rcoal, four to five equivdcnts of b,zsc:- 
forming powc!r :lrP gained. 

Experiments by King 7y and also hy Y omg 73 led 
to the conclusion thud both the Hf and t#he Cl- :LI’C 
n&orbed from solutions by the charcoals. Also, both 
NV anti OH- are adsorbd. It is still unknown 
whether thch alkali ndsorption is it process by whir:11 
thr: Na+, by base exchange, displaces :L H+ from the 
surface: which then reacts wit11 t,he OH- or whether 
tha NIL+ and OTT- arc adually adsortd. 

Washing experirncntx showed that, most, of the HCl 
&orbed by the untradecl CWSN I9 :a1 most of the 
N:tC)II n&orbed by the oxygen-traatd samples were 
irrcvcrsibly aclsorhd. In other words, they were not 
removed by thorough washing. H~WCVCI’, these yuan- 
lilies of C7wwrsihZ~~ held ttdsorbntefi c:o~dcl be titmtd 
with base arid acid respectively, wdiecl, and cnud 
to re-adsorb the: origind amount of rtdsorbate. E‘or 
example, the original CWSN I9 Ml 0.24 milli-equiv- 
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alont of HCl irreversibly. This, on titration, picked 
up 0.24 milli-ccluival(?nt of N&H with the evolution 
of this amount of NaC:I into the solution. The sample, 
after washing, could then again pick up 0.24 milli- 
equivalent, of HCl and the process could be repeated. 

3. lnflucncc of surface complex on the adsorption 
of water vapor: It has already boon pointctl out in 
the section on water adsorption that, adding oxygen 
complex to a charcoal incrcascs the low pressure ad- 
sorption of water vapor and displaces thr: desorption 
hysteresis loop to lower relative presxuras. Con- 
versely, treating charcoals with hydrogen or with 
steam at high temperature tends to shift the atlsorp- 
tion curves to higher relative pressure and dccrcascs 
markedly the adsorption below 0.5 relative prossure. 
It should also be noted that similar effects have been 
observed for carbon black samples as shown in 
Figure 14. 

4. Influence of surface complex on the adsorption 
of ammonia and of HCl gas: Oxygen-treating a char- 
coal at 400 C: incroascx its tube lift: for ammonia t,cn 
to forty fold and incrcascs the ammonia adsorption 
over the cntirt: rclativc pressure rarigo2”x 71 In Fig- 
ure 38, two typical curves that illustrate the effect of 
oxygen coating am shown. The: extra ammonia 
pickup would appear to bo due t,o a kind of chemical 
adsorption of ammonia since tlir: increase in adsorp- 
tion is botwccn 75 and 100 cc throughout the ontirc 
pressure range. Howcvor, the heat of binding of such 
chomisorption is not great, as is cvidcnccd by the 
fact that the extra ammonia will pump off slowly at 

25 C, and completely in a short time at, 100 C.6” It 
should also be recorded that nitrogen isotherms prove 
that this enhanced ammonia adsorption is dofinitely 
not the result of an increase in surface of the charcoal 
resulting from t,he oxygen treatment. It, is due to the 
specific nature of the surface containing the oxygen 
complex. 

The adsorption of HCl gas by CWSN 19 is not 
altcrod R1 in any marked way by oxygen coating. The 
changes in the adsorption arc small and apparently 
no greutcr than the corresponding changes in the 
nitrogen adsorption. 

5. Heat of binding of oxygen to carbon in the sur- 
face complex: By a series of curoful measurements of 
the heat of combustion of charcoal as a function of 
the amount of oxygen complcs on the surface, 
Young 71 has been able to show that, the oxygen is 
held to the surface of a carbon by a heat of about, 
60,000 to ci5,OOO calories per mole of oxygen. The hoat, 
of adsorption at 400 C thus estimated appears to be 
independent, of the fract,ion of the surface covered by 
complex. Thcsc heat, of adsorption values are in good 
agrccmcnt, with the value 70,000 calories found by 
Kcycs and Marshall 82 for charcoal at 0 C, GO,000 
calories report& by Rlcnch and Garner Ha for ad- 
sorption at room tcmpcrature, and 70,000 to 129,000 
calories reported by Marshall and MacInnes.84 There 
can be no doubt that the oxygen is held to the carbon 
surface by very strong chemical bonds.*h~ $6 

6.7.3 Gas Evolution from Charcoals as a 

Function of the Temperature 

to Which They are IIeated 

Lowry 38 has described the apparat,us used and the 
results obtained in degassing a scrics of charcoals 
which at t,hc end of World War I could be considcrcd 
as typical of those! used by the United States, &cat 
Britain, and Germany. In goneral, he showed that all 
charcoals evolved considerable quantities of CO, 
CO,, and water vapor up to about 900 C. Between 
900 and 1200 C, increasingly large quantities of hy- 
drogen were given off. Part of this hydrogen ap- 
peared to come from the surface of the charcoal 
though it is also possible that part of it resulted from 
decomposition of hydrogen-carbon complexes that 
were not located at the actual surface of the charcoal. 

Using a very similar apparatus, Anderson 27 has 
made an extended series of experiments on various 
charcoals of interest in the recent rcsearch work in 
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TABLE 8. L)egat;ning experiments on chnrcoals - total gns evolved ml (STP) per g. 

CWSN 19 
CWRN H5 
CWSN 55 

Extractcrl with TTE 
CWBN 44 
CWSN 196 BI 
CWSN 196 l31S 
I’(‘1 P58 
&SC 1242 
CFI “C:c:” 
CWS&X’L 
~ ,,,.-. -. “, 

PC1 r25 
I’(.‘1 1042 
PC!1 1042 

Extra&d with HF 

. . - - . .  .L_ . . A  

25-300 c 
.-. .~ 

co co2 H,O 

-0.2 
--. 

0.3 0.4 
0.5 2.0 2.3 

0.9 3.0 5.8 
0.7 3.3 3.5 
0.5 2.7 3.3 
0.2 1.5 1.6 
0.1 0.2 0.9 
0.3 0.6 0.9 
0.1 0.2 1.2 
0.2 3.1 2.3 

-__ .- 
2s12oc 

0.0 0.0 0.5.. 
0.0 0.2 0.6 

0.0 0.0 0.7 

-.--- 
800-600 CT 

.- 
HI CO co, IT& 

0.3 3.8 1.5 1.3 
1.0 4.6 2.3 5.3 

2.5 87.2 39.9 1.9 
1.4 6.6 3.2 4.6 
1.4 5.5 3.0 4.6 
1 .o 3.3 6.8 1.6 
0.1 1.2 0.7 0.7 
0.0 0.7 1.2 I.1 
0.0 0.7 0.3 1.1 

..~ -.. 
120-600 C 

,.~ 
0.5 2.0 1.0 3.0 
0.3 2.6 1.2 1.3 

0.6 51.2 9.4 4.3 
_~,"_~, .,,-- - 

~. .--. ..-._ 
BOO-900 C: 

.- -. -- 
1.12 co COr 

.- ..- 
i0.4 11.7 0.5 
92.0 21.7 1.4 

66.9 27.7 1.2 
97.5 22.8 1.1. 
(33.0 29.5 0.5 
53. 1 113 0.2 
16.2 11.4 0.5 

4.0 0.3 
E 5.5 0.2 

13.4* 7.x* 2.2" 

0.4 
6.0 

2.0 
4.0 
1.8 
0.1 
0.2 
0.2 
0.2 
1.91 

10.5 9.9 0.4 0 *5 35.3 88.5 2.7 0.3 0.0 
7.5 9.6 0.3 0.3 43.2 93.1 2.3 0.4 0.0 

20.8 20.9 3.0 0.3 22.3 0.8 0.8 0.4 0.0, 

II, CO CH, COz H,O 
- ..-. --.- 
46.4 1.0 2.1 1.0 0.0 
36.9 0.6 0.6 0.0 0.0 

21.H 0.4 0.6 0.7 0.1 
51.8 2.6 3.3 0.1 0.0 
36.5 0.5 0.8 0.2 0.0 
33.8 0.4 0.8 0.2 0.1 
38.3 97.8 4.7 0.0 0.0 
19.3 0.9 0.1 0.2 0.1 
38.5 63.4 0.5 0.2 0.0 
36.3 5.4 0.6 0.3 0.1. 

TARTX 7. I)egasPing experiments on charcoals - total gas evolved ml (STP) per g. 
..- - ~_ --- 

Sstnplc 
-. .I-.-- 
CWSN 19 
CWRN R5 
CWSN 85 

Extracted with ITb 
CWRN 44 
CWRN 196 nl 
CWSN 196 131s 
I'('1 P58 
&SC: 1242 
CFI “(:C” 
CWSR x2 
PC1 P25 
PC1 1042 
PC1 1042 

Extracted with HE 
_- -- 

HP CO con H,O 

10.7 
93.0 

69.4 
98.9 
94.4 
54.1 
16.3 

5::: 
13.4 

15.7 
26.8 

115.X 
30.1 
355 I. 
15.3 
12.7 

5.0 
6.3 
8.0 

2.3 2.1 
5.7 13.5 

44.1 9.7 
7.6 12.1 
6.2 !>.7 
8.5 3.3 
1.4 1.R 
2.1 2.1 
0.7 2.5 
5.3 4.2 

11.0 11.9 t.4 4.0 
7.8 12.2 1.7 2.2 

21.4 72.1 12.4 5.3 .~. .-~ .- 

7---z== -== 

25-12OOC 
-,_.- --- .- .~ 

HZ CO UT, CO? H,O 
-.. ~. --. --.- 

57.1 16.7 2.7 3.3 2.1 
129.9 27.4 1.4 5.7 13.6 

91.2 1 lti.2 1.8 44.8 9.8 
147.5 32.7 8.3 7.7 12.1 
130.!) 36.0 1.8 ti.4 9.8 

87.9 15.7 1.5 8.7 3.4 
54.6 I 1 o.:, 5.0 1.4 1.x 
25,l 6.9 0.2 2.3 2.3 
4!L7 13.4 0.8 5.6 4.3 
46.3 69.7 0.8 0.9 2.5 
46.3 100.5 2.x 1.7 4.0 
51.0 102.3 2.5 2.1 2.2 

43.7 72.9 1.2 12.8 5.3 
-- ~ -. --_- 

World War IL The nvolved gas was collected during 
periods of about seven hours for each tcmperaturc 
int)erval studied. The experiments w(?rc grouped to 
cover the range 25 to 300 C; 300 to 600 C; 000 to 
900 C; and 900 t,o 1200 C. The variables studied in- 
cludc~l the nature of thr> charcoal, the aah content 87 
of the charcoal, and the hype of treatment t,o which 
the charcoal had ber:n subjected. The principal w- 

suits 27 obtained ma&y be briefly summarized as 
fOllOWS. 

1. In Table (i are shown the volumes of CO, Hz, 
CO,, CH,, and II& evolved from a number of typical 
charcoals as a function of the tc:mperat,urt: to which 
they were heated. Tn Table 7 the results arc summa- 

-. -- 
HZ 

:volved 

--, L 

On 
cvnlved 

0.58 
I .a1 

-- 
I .x1 

3.74 

0.!)3 16.10 
1.68 4.30 
1.29 4.18 
0.84 2.59 
0.59 8.22 
0.25 0.91 
0.50 2.06 
0.45 5.28 
0.40 7.70 
0.58 7.76 

0.46 
..- 

7.42 
.- - 

-. -.J 

02 
in nt3h 

0.04" 
2.ot 

0.8" 
0.6" 
1.0” 

-,- .- 

rixed to cover the region up to 900 and up to 1200 C; 
also in this latter table are shown the results of gas 
evolution to 1200 (1 oalculatcd in terms of oquivalcnt 
per cent, of hydrogen and oxygen in the original char- 
coal. For comparison, Table 7 also shows the per cent, 
oxygen prrsent in t,he ash wherever ash analysis was 
availablr: or could be guessed from the method of 
preparation of the charcoal. 

Scvcral gcncrul conclusions can bo drawn from 
the results in these two tables. In the: first place ii, 
should be noted that the CO and COz evolution is 
smallor from the PCT, CWSC, CFT, and CWSB-S 
(nutshell) than from thr: National samples prepared 
by the BnClp process. However, a dntailed study of 
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t,he gas c:volut,ion from one of t,lr(: NatJional samples, 
CWSN 5, at, (iO-degrco intervals slrowc~d t,hat, most, of 
t,he Cc) ~~1 TI,CI ww(: wolved in the t,emperat,uro 
range 600 C to 800 C. C:oncomitantly wit,h t,he gas 
release, a tkposit 01 zinc was formed on the cooler 
part of the ra&ion vessel. In all proh:MitJy, there- 
fore, the cscessive evolutJion of CC) and H,O from tbc 
National xamples in tlrc: temperat,urc: range up to 
900 C may be at,tribrr t,c:tl to a large cxtcnt, to the re- 
riuction of Zrrc) ash by C ant1 by 112. Consistent, with 
this interprc:M,ion is tbc fact, that CWSN 19, which 
Let1 only 0.04 ‘)$, ash, yielded volumes of CC) ant1 Hz0 
in tlic: tmlperatoro range up to 900 C approximati:ly 
t,he same: as obtained from charcoals not, made by tlrp 
BnCL process. 

At tomperaturclr above 900 C, a burst, of CO was 
obtuinod from all the charcoals t,lr:Lt, had appreciahlc 
percentages of asli other than Znc). There seems I;0 
be 1ittJo doubt that, this higher Icrnperature CO evo- 
lution is caused by the reduat,ion of t,he ash com- 
ponents by C. Ash for the most, part on analyzed 
samples WAS found t,o consist of Sic)2 and Al&.” 
Data in tlic: titeraturc RX indicate that, for the reduc- 
tion of Sic)2 by C to form silicon carl)idcs anti CO, 
the partial pressure of evolved gas at 900 C: at equi- 
librium is about 0.1 mm, and at 1200 C in about 
10.7 mm. Accordingly, since the maximum pressure 
in the present, csperiments was about 0.02 mrn, it is 
entirely possible that, t,lrc: higher tempcraturt! (at 
t,emperatures in excess of 900 C:) CO evolution could 
hsvc Come from the reduction of silica components 
in the ash. In line with t,his conclusion is the fact, that, 
t>he gas evolved from a sample of PCT that had been 
rondered subst&ntially ash free t,y nxtraction with 
HF containcti practically no CO. 

One othw peculiarity of thcsc results should be 
noted. T~vo different Kamples that bat1 bc!c:n ex- 
tr:tatoti by IIF evolved exc!c>ssive amounls of ( :O and 
CO2 in the region between 300 and 900 C. Thus, 
CWSN S5 al’tor cstraction evolved 115.8 ml of (.:(I 
and 44. I ml of CO2 compared to 2G.8 ml of CC) ant1 
5.7 ml of (.~c)z from th e sample that had not) been ex- 
t,rscted. Corresponding results for PCI IO42 showed 
72.1 ml of CO and 12.4 ml of CO2 aft,or extraction, 
compared to 12.2 ml of CO rend 1.5 ml of CO, before 
axtraction. The cause of this excrssivc gas evolution 
from the extracted samples is not aloar. Possibly, the 
reagents used have a catalytic effect, on the oxidation 
of the surface by air during extraction or drying. 

Strong hydrogen evolut,ion from co&n charcoals 
was noted a number of years ago,38 The runs in 

Tables ti and 7 show I,llat, some of the? charcoals 
evolve as rnuc:li as 147 ml of Ha per grnrn on being 
hent,ed to 1200 C. In general, it, appears t,litl,t, the 
BnC:t2 charcoals cvolvcd much more hydrogen then 
tlrc: others. FrrrtJrc:rmore, wit,11 the exceplion of 
CWSN 19, all of 1,lrc ZnCls charc:oals tested appeared 
to evolve most> of their hydrogc?n in the ROO to 900 (.: 
rc:gion rather th:ln the 900 t,o 1200 C region. CWSN 
19, for some unknown reason, cvolvecl the normal 
:mrount~ of hydrogen in t,he higher temperature region 
hut very little hydrogc!n up to 900 C. The amount of 
hydrogen present in tjlrc: charcoals is probably related 
t,o their prt:trcatment since it is known that the? higher 
the t~empcratnrt! of calcining of the various c:lrart:oals 
in the course of preparation and actjivat,ion, the 
smaller the percentage of hydrogen t,liat, t,hc,y con- 
tain. Tlrcrc! is some evidcnco that steaming at, 900 C 
will prlt hydrogen onto a charcoal. T~HIS, :i sample 
of CWSN HI X that had been heat-treaLct1 in nitro- 
gen al 1000 C until it would evolve only 15.6 ml of 
hydrogen to 1200 C, was found to evolve 47 ml of 
hydrogen uftcr being steamed at 900 C to :t Myi’, 
weight loss. In contrast to this, short steaming to a 
few per cent wcightj loss at ,700, 400, and 750 C 
c~aused no apprc:c:iahle increase in t!hc> hydrogen evo- 
lut,iori above t;lic 15.6 ml of t,lic original sample. 
There is a cliancc:, of course, that tlic: excessive steani- 
inp made possible t,ho escape of some hydrogen that 
originally was buric:tl so deep in the charcoal as not to 
l)c able to escape at) t~omperaturcs up to I200 C. 
TIent:c, t,he interpretation of this result must remain 
unat:rLain until more work is done. 

2. IIeat trcuting samples of charcoal to 1000 C in 
:I, st,ream of nitrognn was found 27 to remove pract,i- 
catty all the CO, C&, and II20 from the surface and 
about two-thirds of the hydrogen. This would be ex- 
pcc:t,c!d on the hasis of the degassing csperiment,s 
sl~ow~~ in Tables 0 and 7 and hence needs no special 
comment. 

8. It, is interest,ing to note? 27 &at expoaurc: to air 
;at room temperature for H we:& of a sample of 
CWSN BlX that, had been treutcti with nitrogen al 
IO00 C and cooled in a stream of nitrogen, restored 
tlrc: original complex to such an extent, that t,he CO2 
c:volutJion on heating to 1.200 C was as large as the 
original untrcntctl sample, and the CO was two- 
thirds as large. Exposure of a heat,-trc!at,ed sample of 
this charcoal Lo oxygen at 300 C for 30 min put on 
more complex than was characteristic of the original 
charcoal as s1mv1~ in Table 8; t,lre CO and CO% con- 
tent, was still, however, much smaller t,han that of 
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at, 400 C: by Young. 
4. In view of the fact ++!’ lhut aging hast: charcoalti 

by exposing t,hem to a high rclativt: humidity for a 
long pwiod of time .wts believd t,o rcnrlor t<he char- 
coal less awful for making whet;lcrit,cs, a few crxpwi- 
men& wcrc carried out to comprtrc: the: surf:lc:c~ corn- 
plex of aged and un-aged namplcs. Also, because twit- 
ing B,II aged sample to 110 C: for an hour was rf+ 
port,ed s!) to restore it lo a ctmtlition in which it would 
then make a good cvhetlerite, a sarnplc of agctl char- 
coal wax cxarnincti after it, had been evacuatctl at 
I I5 C’. The oxygc:n content of the charcoals increased 
during aging in all case8 by 2%) in absolutt: value 
(33 to lOOC;i, r&tive increase in oxygen). The in- 
f:rf:nw m oxygen 27 found hy our &gassing experi- 
mcnts on charco:~ls CWSN‘ 85, CWSN 44, and 
PC1 P58 was 2.12, 1.85, and I .43 compared t,o values 
of 2.C, 2.3, and 1.2 found h.y ultimate analyses by 
Young. Tt, should ~JC noted that, t,ho S-hour heating a2t 
I 15 C of t,he aged CWSN 85 sample: protluwrl no de 
t,c:ct:r,bl~~ change in composition or :trnount,s of cvolvc:fl 

gas. If t,lie improvement in wlietlr:rizul~ilit,y resulting 
from heating an aged churcoul t,o 110 C: as clsirnt:tl by 
Mwet St) was real, then either his heating conditions 
wwe critically different from C)IIrH 01 elsr tlic surfact: 
wrnph~x is not, relnterl in an important way to the 
whc:tlwizal~ilit,y of a charcoal. 

5. English workers gwrh have reportled resultswhich 
indicate that in the prowas of adsorbing such vapors 
as CC& on cliarcds, prt of tlic: surfucc: compl(:x is 
driven off into the gas phase. The clisplud gasw 
were reported to l,c equal in some wscs I,0 t,lic cqui- 
lihrium partial pressure of the adsorbatc and to cause 
marked changes in the adsorptive churacterislics ol’ 
the charcoal. The actual volumes of displaced gas 
were not, mentioned. To cheek this important, factior, 
several experiments shown in Tal~lc 9 wcrc carr+d 
out 27 on :L rli:trcoal rnudc 1)~ the ZnC$ process rind 

vnpors at 25 C:. 

Vol of 
liquid Time 

ml per g of ds 
charco,%l v:tpot dt~lR%~d in ht 

CWRN I96 J< I CXl, 0.5 18 
(:W8N 196 I31 (.:eHfiC:l 0.4 5 
C:WSN 196 HI Hz0 0.4 4+ 
CWSN 196 Bl Hz0 0.2 2; 
C:WBN 196 RI JT,CI 0.1 16 
I’(‘1 Pm 
PCh P&8 

CJT!,CI 0.15 3 
H$O 0.08 1 

-  

I 

- 

Gases rvolved 
ml (QTP) per g 

co CO? 

0.0028 0.0036 
0.00036 0.00039 
0.0014 0.495 
0.0024 0.205 
0.0016 0.235 
0.0016 0.00003 
0.0025 0.0094 

on a PC1 samplr mails from VO:L~. 7%~ xturiplcs wcrc 
evacuated :tl: 120 C: hforc: the run in cadi inslnncc, 
at t,emperature that should cause pruct,ioally none of 
t,h(: CO or CO:! in the complex to he removed. The 
results clearly indicate that the amount of complex 
wolvetl by the adsorption of either CC14 or C&&Cl 
is very small, being equivalent in all cases to less 
tharl 0.0 I c,;) of tlif? complex luiown t,o he present. 

Only wbt8cr vapor displaced an npprf:ciablo amount. 
01 gits Ilom lh: c:lltlrc:otLls; t11c: gtm cvolvc:tl by wat,cr 
was enliwly C:02 arid was lirnitJr:tl ulrnost, c:rit,irc:ly to 
the sample rnatlc hy tlic: ZnC12 procws. I I, swms 
likely tJhat most~ of Ihis evolved CO2 may have re- 
sulted from the attack on the ZnC:& ash content by 
wat,er condensed in capillaries. The total CO2 evo- 
lution in one case amount,ed to about 8 $;, of t,ha2t 
which would have been evolved by heating the sam- 
plc t,o 1200 C.:. The results as a whole fail tonhock the 
l+lglisli ~0~1, ant1 c:c:rt,ainly give no indication that 
physical adsorption of vapors is capable of seriously 
altrring tlic cornposit,ion of the surface complex on 
t,ypical charcoals. 

tj. In view 01 the fact that most charcoals are ncti- 
vated by steam, it seemed worth while to ascertain 
the effect of steam act,ivation on the surface com- 
plex. In Table 10 the results are shown for such a 
series of experiments on ch:~~~~td CWSN 191 RI X 
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‘rARIX 10. COlnpleX formed hiring &am ZWtiVdiOn. 

~ ~.. .--- 

A. CW6N 196 R 1X semple extracted with HF xnd heated 
in NZ at) 1000 C fnr 3 hr. 

.~. 
Gases evolved dm-ing degassinE ml (XTP) 

Temp per g charcoa,l Hz0 
rango C T-1, (JO CH, CO2 Vfi)lW 

-25. ,300 0.0 0.0 0.0 0.0 0.6 
30&600 0.3 0.0 0.0 0.1 0.2 
6W900 1.2 0.1 0.1 0.1 0.1 
90&12OO 14.2 0.2 0.3 0.4 0.0 

Tol~ul 15.7 0.3 0.4 0.6 0.9 
-... . ..~. ."" 

B. Tre:ttcd xx in A, then exposed to water vapor nt 300 C for 
3% hr (weight IOHH = 0.4”/,). 

_"'_- 0.0. 0.0 
-.-~ 

25-300 0.0 0.1 0.8 
3ow600 0.2 0.1 0.0 0.9 0.8 
600-~900 1.1 0.6 0.1 0.2 0.1 
90~1200 11.4 0.4 0.2 0.2 0.0 

^-- ~ .._.- - 
Total 12.7 1.1 0.3 1.4 1.7 

--- -I- -I. ,-_- 

C. Treated as in A, then exp~cd to water vapor xt, tWO C for 
3% hr (weight loss = 1 .O%). 

_^-,, 
25300 
3OwaO 

8:: 0.1 0.0 0.0 1.3 
0.0 0.0 0.3 0.6 

6oc-900 1.5 I .H 0.0 0.1 0.2 
90&1200 12.3 2.3 0.2 0.3 0.1 

,- ~ ,...- - ,-.,.-- 
Total 13.9 4.2 0.2 0.7 2.2 

. ..~ 

D. Treated ati in A , then exposed to water vapor at 750 C fol 
1 hr (weight loss = MS). 

~-. 
,.,-, ,.~ 

25~600 0.2 io 0.0 0:s 1.7 
60%900 2.7 2.3 0.1 0.3 0.4 
9OlIk1200 16.9 1.9 0.2 0.1 0.0 

^-- ~ _- ~ 
Total 19.8 4.2 0.3 0.7 2.1 

R. Trcatted a~ in A, t,herl exposed to water vapor n,t 900 C for 
345 hr (weight loss = 56(g). 

-. 25-300 0.0 0.0 0.0 0.4 0.6 
300.-600 0.6 0.1 0.0 1.1 I.1 
60W900 5.8 1.3 0.2 0.2 0.2 
9o(r1200 40.5 2.2 0.5 0.1 0.1. 

- -_ ~ - 
Totul 46.9 3.6 0.7 1.8 2.0 

-.- .-~ 

after it, had been extracted with HF and heated 3 hr 
in nitrogen at 1000 C. In gcncral, t,he results obtainotl 
agree wit,11 those of Muller and Cobb g6 who studied 
thr: chcmisorption of wat(:r vapor on in acitl-cx- 
trat:t,cd wood charcoal at t,omperatures ranging from 
300 tjo 1100 C. Steaming at, Lemperatures up to and 
including 750 C produced only a slight incrcasc in 
the :unount of adsorbed water and a total fixation of 
only 4.1 ml of water vapor in H form evolved as CC:) 
and CC), on heating. Over this temperature: range, 
the hydrogen fixed was no great,er t,han that, (&IL- 

lated from the amount of oxygen fixed. The sample 
that, wxlr steamed at, 900 C to a SC;?; weight loss 
clearly fixed more hydrogen than oxygen. This is in 
agrecmcnt with the: experiments of Muller and 
Cobb !I7 who noted more hydrogen than oxygen be- 
ing fixorl by steaming in the range 700 to 900 C. The 
total oxygen tixctl at, 900 C was no greater than on 
steaming at 750 C. In view of these results, it is easy 
to understand why the CO and CO2 complex is so 
low on samples of charcoal made by steaming at high 
temperature and not oxposed excessivrtly to air be- 
fort: cooling. 

6.x SPECIAL SUKFACE COA’I’INCS ON 
CHARCOAL 

There arc statements in the lit,e$alure Y3 to indicate 
that the relative amounts of different gases adsorbed 
may well depend upon the exact nature of the surface 
coating of the charcoal. Because: of the obvious irn- 
portance of knowing the nnturct of any such changes 
that might bc produced, a fnw experiments wore car- 
ried out in an effort, to coal; charcoals with complexes 
other than carbon-oxygrm complexes. Specifically, 
the influoncc of covering Lhe surface with nitrogen, 
with chlorine, and with sulfur were investigated. The 
principal results obtained on samples wit,h these 
coatings will now be considered. 

6.8.1 Treatment of Charcoals with 
Nitrogen 

Rofcrcnces in the: literature 9~ $9 indicate that, 
high-temperature t,rc:aI ment of charc:oals with am- 
monia is capable of forming carbon-nit,rogen com- 
plexes that art? more stable than carbon-oxygen com- 
plexes. Accorclingly, t,wo sets of oxpcriments wer(’ 
carried out 27 in which an acid-cxLracted, &gassed 
sample of CWSN BlX charcoal was heated in am- 
monia at 750 C and at 900 C. The samples wcrc then 
analyzed by being hcatrd by Anderson to various 
tornpcrat,ures up to 1200 C and the evolved gases 
analyzed. The results as shown in Table I1 confirm 
the previously put&&d work. A nit,rogcn complex 
is formed that, is nvolvccl only on hoatiq in the 900 to 
1200 C region. Most of the nitrogen comes off as free 
ni(,rogen, though some is evolved as HCN, CzNz, 
and NII,. It will also be noted that the hyclrogcn 
conLent of t,he charcoal is increased by the ammonia 
treatment from :.L value of 15.6 for ttic original sample 
to values of 30.5 and 39,3 ml for the: ammonia trcat- 
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Tnrrr,m 11. Complex formed during ammonia &ivxtiom. 
-.. ..--..,” - .~.. ~. -- -.. ..- .-.- 
A, Ssmple exposed to NH, at 750 C: for three hr. Weight 
lnss = 0.4%. - ~ .~ ~... ~. .- 

Gxses evolved during dcgzwGng ml (STP) per g char 
~ ---.. .~, .~. .~ - 

Tcmperaturc 
of CAN2 

deg:txsing H, CO Ni: TICN NT4 Hz0 
-~ ..~. ~. 

25-600 0.6 0.0 0.1 0.2 0.1 0.5 
6Ock!K~O 3.3 0.1 0.2 0.1 0.1 0.5 
900-1200 26.6 0.4 5.2 2.3 0.3 0.1 

__- -- ~ _-- -., - 
T 0 t,d 30.5 0.5 5.5 2.0 0.5 1.1 

-.- -~- .~.. -. 
B. Sample oxp~sed t,o NH8 ul 900 C: for three hr. Weight 
loss = 17.170. 

.,-~ .-. .- 
25-300 

..- 
0.0 0.0 0.0 -0.0 0.0 0.6 

300.-600 2.3 0.0 0.1 0.2 0.2 0.6 
6O&!XI0 5.2 0.1 0.1 0.2 0.2 0.3 
!)0&1200 31.8 0.7 6.3 2.5 0.8 0.2 

_,.-- -- - -- -. - 
Tot,>11 39.3 0.X 6.5 2.9 1.2 1.7 

._~^" .,-~. ~ .- 

mente aLt 750 (: und 900 C: respectively. TJnfortu- 
nately, time did Ilot8 permit further work with these 
smmoni:l-t,reat,ctl xttmplcs. 

6.8.~~ Treatment of Charcoals with Clktrine 

Chlorine complexes which rare so &Me that the 
chlorine: cannot he rernovctl by evacuation at tcm- 
peraturcs as high :LS WO C, nor by the action of boil- 
ing IO “,sb N&H over the: period of a11 lwur, haw been 
reported Ino in the lit,crature. Z’or the present, \vi)rk Xr 
ch:lrcnal has been made to retain fts much as 17 ‘3, of 
its weight, of chloriuc: alter cwwrttion for tin ex- 
tomled pwiod at ,#OO C. The results arc: shown in 
Ttitble 12 and in Figure 39. Apparently the amount, 
of stalk chlorine: held by the charco:d increases with 
the temperature of treat,mc:nt, becausn the nmount 

600 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

P- 
PO 

FICSTRE 39. Trcat,ment, of chsrconls wilh chlorine. 

retain& at room Lemperaturc aft,er wucuation is 
greatar when the: tcmperaturc of t,he original treut- 
ment is high. l’hix is also true of the fraction of the 
total chemisorption that, is retained on evacuat,ion 
i#O 400 c:. 

Tnsuficient, nitrogen adsorption runs were carried 
out on the chlorimtled sample t,o answer the question 
w to Lhe location of the ohemisort)cd chlorine. In L 
genw:& it may bc said that, the chemisorljed chlorine 
did not decrcast: the volume of nitrogen held by the 
c:hurcoal a,t, 0.99 as much ax one woldd expect, though 
conclusions are uncertain until more runs we made. 
Figure 39 indicntcs that on treating R wmple al 

200 C with chlorine :&nil then evacuating it :tt 200 C: 
a drastic pore size ch:tnge occuw. If t,hesc: few expori- 
ments arc t,o be hclieved, the change occurs during 
the long evacuation at 200 C: rather thun during the 
original treat,ment since ev:bc:u:ttion at, 100 C: left an 

TABLE 12. Adsorption of chlorine by C:WSN HI X. 
-__ -. .-.. - . . .-- .-. ..A.. .~ - ~ - .- .~. .-_A- -; 

I Weight of chlorine* udw.a+~rrl per gram of charcoal a,t vrtriow tcmperaturcs 
- 

‘Ctwpcmturc of cxperilwnt, 
Iwed in ndsorption. 

l+~w system employed. 
- -- .~. .~ 

Roon1 imp flow cxpt, No. I 
Hwm temp flow cxpt, No. 2 
100 c: flow expt No. 3 

2(H) t: flow expo No. 4 
4OOc flow expt No. 5 

I, -~- .~..“, _- 
C’hemisorption re- 

PhyaicR,lxdsorptiont 1 nined after cvncurt- 
at. room trrnpcro,- tiorl :II rnnm tempcr- IOOC 

tnrr ~)d 1 ntm nturr 
-- --.. --. -.-- .- 

CHi2fi2 0.25% 
0.719 0.202 i.O&i 
0.6338 0.2502 0.2 I52 
0.665 0.352 0.2734 
0.722 0.342 0.317 

- 

- 
2ov c 

0. i42 
0.239 
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isotherm similar to, but 11 0/0 smaller, than the one of 
the unt,reated sample. The at,tack on the charcoal is 
not, especially surprising in view of the: fact, t,hat, one 
proposed method of producing uclivc charcoal In4 
involvcsburning hydrocarbon sin chlorine rmtlcr such 
conditions as to deposit a considerable portion of tllc: 
hydrocarbon as free carbon. 

63.3 Treatment of Charcoals with Sulfur 

Young and his co-workers 24 prcparcd a number of 
samples of charcoal coated with sulfur by heating 
charcoal and sulfur toget<her at 400 C: in a rotating 
furnace. Comparatively little work was done on the 
propertics of t,hc coated charcoals though the follow- 
ing facts wcrc established : 

1. As much ati 41’5, sulfur by weight could be in- 
corporated into the charcoal. The amount of sulfur 
picked up was proportional to the amount included 
in the original mix. 

2. The 41”/;, sulfur content of one of the charcoals 
was reduced to 29”i/o by extraction with either of two 
different solvents. Appsrcntly some of the sulfur is 
present, in an extractable form and part of it, in a more 
tightly bound form. 

3. The hydrogen content of the charcoal decreases 
t,o about one-third of its original value? as the sulfur 
cont,cnt increases to 40%. 

4. Wutcr adsorption isotherms show that, if the! 
sulfurized sample was protected from oxidation it 
picked up very little wat,er below 0.5 relative pros- 
sure. The samples are definitely still hydrophobic. 
The sulfur, however, apparently decreases the pore 
volume of the charcoal considerably as evidenced by 
the fact that the sample containing 41% sulfur had 
only aborlt 0.12 ml water sorptive capacity at satu- 
ration. 

5. There seems to be no relation between the acid 
and base adsorptive propcrtics and the sulfur con- 
tent. 

6.9 RELATION BETWEEN ADSOKPTION 
AND -MOLECULAR STKUCTU KE 

Before considering the work that has been dune! on 
the measurement of the adsorption of gases such as 
chloropicrin, p+yridine, CCl+ and other vapors, itj 
seems well to summarize the results that have been 
obtained by Kummer 106 and are being reported here 
for the first time on the relation existing hetwcen the 

adsorption of a gas and the strrlcturc and properties 
of the adsorbutc!. In view of tlic fact that, l,lie cffi- 
ciency of removal of war gases by gas mask charcoal 
is known to depend upon a rate f:tc:t>or and upon a 

ctq)acit.y factor N,,, it *c:c:rnctl worth wliilc to carry 
out, a study with a view to predicting the sorption 
capacity of a given charco:d for a gas aLt various rela- 
tivct pressures as a function of the properties of that 
gag. It would be especially hc:lpful to ho able to pre- 
dict approximately the shape of t,he adsorption iso- 
Ihcrrn of a gas on charcoal if on1 y a few of the funda- 
mmtd properties of the adsorbate gas arc known. 
Tlic! analysis of the problcrn and the expc:rimt:ntal re- 
sults prcscntcd here give us a much better insight into 
the fut:t,ors upon which the adsorbability of a gas dc- 
pends than wo have ever had before and enables us 
to predict, with a fair approximation whether a gas 
will be adsorbctl strongly, medium strongly, or 
weakly by a sample of charcoal. 

Hxperimental mcasllremeritJs relative: to lhis study 
were made on a singlo charcoal CWSN 19, one of the 
early samples made by ZnCl”. (See Chapter 3.) It 
had an apparent density of 0.482, a particle density 
of 0.792, a carkon density (as determined by helium 
at 25 C) of 2.09; an ash content of ahorlt 0.3”j’, made 
up mostly of ZnO and BnC12; a heat of wetting in 
benzene of 22.G9 cnl par g, ,rritl a P8 wrvh lift: of 
about BB min. As indicated in one of the earlier scc- 
tions, the charcoal is characterized by a comparatively 
low arnolmt, of surface complex; L’7 on being heated to 
1200 C: it, evolved 57 ml I&, 7 ml CO, 2.7 ml (XI,. 3.3 
ml of CO:, and 2. I ml of wat,or v:bpor. 

6.9.1 Experimental Data for the Adsorp- 

tion of Gases on CWSN 19 

Figure 40 shows the adnorption isotherms for 
a large number of gases. The data are plotted in the 
manrler suggested by Polanyi 84 as t,he fraction of the 
total sorption capacity taking place as a function of 
BY’ times the logarithm of the relative pressure. A 
few regular isotherms plotted with rclativo pressure 
as the abscissa are given in Figure 41. The adsorption 
data are summarized in Table 13. It will he noted 
that, the total liquid volume of gas adsorbed at satu- 
ration pressure is substantially constant and indo- 
pcndcnt, of the nature of the adsorbate. We shall now 
turn to the theoretical part of his work and summa- 
rizc his derivation of relationships that will enahle 
one to prctlict, the general nature of the adsorption 
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FIMJRE 40. Adtrorption isolhcrms for various gases on 
CWSN 19. 

of any adsorbatc from its physical properties and the 
Ixhavior of some other one adsorbatc on the same 
charcoal. 

6.9.2 Theory 

In deriving the desired relationship, a number of 
equations will be used. To begin with, we have the 

3 CNCI - OC 
4 HCN 25C 

6 He0 25C /'.. 
.A 

TABLE 13. Adsorption data for various gsses on 
CWSN 19. 

..~ . .-. _,. -. ~... 4 
Adsorption at Adsorption :tt 

:t r&ttivc IL relative 
pref3sure of pressure of 

0.99. ml of 0.99. ml of 
Temp gas STP per liquid ad- 
of run gram of sorbate pcl 

Gas c charcoo,l g OF chnrcosl 
_. .._“...._ 
Nz -194 
A -194 
CT14 -160 

;2< 
- 78 
- 78 

TIC1 - 78 
CO2 - 78 

H,S - 78 
CF’,Cl, - 20 
NH2 - 46 
cos - 46 
c I-TaCI - 20 
CAN, - 21 
Cyclopropane - 39 
C KNTI, 0 
so2 0 
COCI, 0 
CNCI 0 
TICN 25 
CY2 25 
H&I 40 
a-IIcptnne 2 ‘ 5 
Toluene 25 
CC&NO 
2-mcthy&entune 

25 
25 

kooctane 25 
(2,2,4-trimcthylpentane) 

397 
480 
360 
291 
298 
442 
355 

371 
I66 

526 
262 
264 
245 
216 
296 
298 
I93 
267 
350 
216 
644 

87 
120 
128 

95 
76.5 

0.616 
0.600 
0.610 
0.600 
0.615 
0.613 
0.554 (liquid 

density) 
0.566 
0.609 
0.572 
0.608 
0.600 
0.595 
0.590 
0.596 
0.595 
0.596 
0.598 
0.607 
0.585 
0.520 
0.567 
0.574 
0.570 
0.560 
0.563 

Yolanyi 34 relationship to account, for the dependence 
on temperature of adsorption of a given adsorbate 

(12) 

where T1 and T2 are the two diffcrcnt temperatures 
of the adsorbent, PI and Pz arc the isotherm pres- 
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surcs, and I’,, and PO, are the vapor pr~~ssur~s of the: 
adsorbate at the two t,emperaturcn. This equation is 
dcrivatl to hold for a constant frar*tion of th: totd 
adsorption. Tn other words, the pressllre rcquirctl t,o 
product the same fractional saturation of a given 
adsorbatc would vary with t,he temperature in the 
way indicated. 

It, will be convcnicmt also to use an empirical equa- 
tion for the relation bctwccn t,he amount of adsorp- 
tion and the pressure of tlic atlsorbntn. Tf 0 represents 
the fraction of the satllration value of the adsorption 
that is occurring at, pressure P, the: rc:Iation 

P 
RT log, l;- = K(1 - 8)“- Blog,.D (13) 

iI 

is found to hold fairly well for all :dsorbntes on 
CWSN 19. It gives :m iwthcrm in which the slope 
dB/dP decreases monotoIloul;ly as the pressure in- 
creases and equals zero when 1’ = 1’“. P’or those char- 
coals which give an S-shaped isotllcrm it would not 
hold above P/P,, = 0.5 hut, it, is to bc noted that, a 
mask is rarely called upon to afford protA:c:tion from 
gases which have att,ained a partial pressure: in the 
air eqrlal to on~helf t,he vapor pressure of the licluid 
adsorbntc. 
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k+ 

E’IGURE 42. htherm thpe :tti :t function of AH, -ML. 

If constants K and 73 could be evaluat,etl from 
molecular data for the adsorbate, t,he given problem 
would be completely solved. It is ext,romel.y tlifhcult 
to do this with exactness. Accordingly, in this section 
a way will be pointed out to make a somewhat sim- 
pler but useful approach to the problem. Specifically, 
a way will be outlined for tialculating the difference 
between the integral beat of adsorption -ATT,, and 
the heat of liquefact,ion -AHI>, for the adsorbnto on 
the basis of the fundamental properties of t,hc: :ul- 

sorbate molecule. Since it, is well establishccl that, 
adsorption isotherms follow curves of types I, 2, or 3 
in l’igure 42, depending upon whether the heat, of 
adsorption is grcatcr than, equal to, or lnss than tlic? 
licat of liquc:fac:tion, tlicn it, will b(: ol~viously poxsiblc 
to indic:al,c the gcncral nature of adsorption. 

A tllt:rrnoclyn~~rni(: c:qu:~&on for that adtiorption of :L 
gas on a solid is 

(14) 
which rt:lat,tts tht: relative pressure P/l’, of tlic ad- 
sorption to tlic difft:rc:ntial cntlislpy of adsorption 
for t,bc gas going to t,hc adsorbed pllasc:, &‘(AH,)/&, 
and the differential entropy c:hungc: ~(AL‘?) /&L when 
the! bulk liquid is transferred to the surface layer. 

Now, if equation ( 12) holds, it, can bo shown that 
tllc entropy t,orm disappcarw and that 

I,. (14th) 

(loolitlge’s tlat,a ag show that the organic gases follow 
cqilalion (12) vr:r.y clow:ly, whereas water does not. 

In ortlcr t,o cstirnatc tlic c:nt>ropy term, some as- 
sumptions are necessary. For one thing, it, is ~mxs- 

sary to assume some shape factor for the capillaries 
in order to be able to know the fraction of liquid atl- 
tiorbatc which is in contact with the surface: of 111~ 
cllarc:oal. Tlic: r>xac:t form of the: assumption is riot too 
important lm:ww wild1 :A varic:l,y of clioicrs tdlc final 
answer as Lo the cslcululed diffcrcncc: br:t,\z,cen the 
integral heat of adsorption and heat, of liqllefaction 
does not change much. For simplicity, it, will be as- 
sumed that the charcoal pores have plain parallfal 
walls and are four molecular diameters apart. Fur- 
thermore, usually the entropy term is writt,en in the: 
form BY’ hi 4/I - 4 whcrt: 4 rc:preserit,s ttich fraction 
of the surface: covcrcd by adsorption. How(lver, it 
appears ~irnplnr for physical adsorption to assume 
that, the rat(’ of c:ontl(:risat,iori on the surfac:cb is pro- 
portional t,o the tot,al x~n&c:c r:ttJi(?r than t,o 1 - C$ 
and, hence, Cor 4 < 1, the entropy term can be 
written 

For 4 > 1, t#ho entropy term is 0 s&e thelc is th(h 
same: surface for evaporation as for rondcnsation. 
If, as is likely, most of the first luycr will form l&ore 
the second begins, tIllen 4 = 2 0. 
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Gmbining equations (13), (14), and (14b), we have 
dAH, -(- > -- 

an 
T+ AH,, = K(I. - 0): - Iii In0 - R?‘ln 2 0. 

(15) 
The integral hc!at of adsorption can be found by in- 
tegrnt,ing the entire expression including the: last 
term from 0 = 0 to 0 = 0.5; and, without, the last 
term, from 0.5 to 1. The integral heat, of adnorption 
- AHr obt,aint:d in this way is 

-AU,= -AH,,+;h-+B-;Rl 
= -AHL + AH,. (Ifi) 

We deal with t,he integral heat, of adsorption up to 
nomplet,e filling of t,he ports because complete filling 
represents a definite physical st,ate which is the same 
for all gases and which lends itself to theoret,ical cal- 
culations. 

In order to calculate the integral heat, at, ssturx- 
tion, we can consider the following simple process: 

1. C>ondense one mole of gas into a bulk liquid; 
t>he cnthalpy change will be AH,. 

2. Next, spread this bulk liquid out into a sheet 
four molecules thick; the enthalpy change will be 
one-half the energy rcquircd to bring a mole of water 
from t>he interior or bulk liquid to the surfnoc of the 
liquid, or AfI*/2. 

3. Allow both sides of this sheet to come in con- 
tact with a charcoal surface, giving an enthalpy 
change of AH,./2, where AH,. is the hoat, that would 
be evolved if all the molecules in the molr: of ad- 
sorbate wore brought as a sheet of liquid into contact, 
wit,h t,hc carbon surface. Then 

AFT, = AfIr, + ‘+ + ‘+ . (17) 

Next, we shall proceed to find a means of ovaluat- 
ing AH, and AU, tIllat depends upon the physical 
properties of the adsorbate molecule. The cnthalpy 
change when a molcaulc is brought from thr: interior 
of a liquid to t,hc surface is largely indepcndcnt of the 
temperaturr: and can be calculat,f?d by 

Al/, = +2.22k,(T, - ii) (1% 
where Ic, is TGtvos’ constant and T, is the: critical 
temperature. One, thercfort?, has a ready moans of 
calculating AH,/2, the heat required to form a mole 
of liquid into a ahcct four molecules thick. 

The heat quantity AH, can be evaluated by means 
of the theory of London lo1 to be 

3Nru,:cu, (2) V,.V”” 
- AHc = -4ha(i’i,, + v,+,) (13 

where 11~ is the! polurizubilit,y of t,he carbon surface, 
cy,, in the: polarizabilit,y of the gw molecules, Trot, is 
the fundamental frequency of -the carbon surface, 
VoD is the fundamental frequc:nc:y of the gas molc- 
CIVICS, N is Avogadro’s number, ad h is the distsnco 
bctwcen the carbon surface and the molecules of ad- 
sorbate when the sheet is at its equilibrium position. 
Since we intend to evalustc all the right,-hand side of 
the equation by some given adsorbate, we CM write 

-AH, = C&B,,/ Gw 
We evaluate C from some one adsorbate md then 
neglect any chnngct in C produced by possible changes 
in h involved in using other adsorbates. By substi- 
tuting (1.7), (IS), and (20), in (l(i) we now have 

+[ca,vo” - 2.22(T, - Ice)] = ;k’ + Ii’ - +I??’ 
= j-AH,. (21) 

This equation can be rcsrranged in the form 

C; 8, = -AH, -j- l.ll(!!‘,: - (i)k, 

= +AH, + ;AHs. (22) 
Trebles 14A and 14R show values of K, R, and AH, 

calculated from the isotherms t,ogcther with AU, and 
physical data for the various adsorbate molecules. 
Figure 43 is a plot, of cq,lTn, against AU, + +AH#. 
The value of C t,urns out to be 3.75 and is equal to 
twice the slope of the plot. 

As pointed out, above, complete solution of the 
problem requires a method for evaluating the abso- 
lute values of K and B. Several procedures for doing 
this are now hcing worked on but have not yet been 
complctod. However, at the present, stage of develop- 
mont, it, is possible to evaluate AIT1 - AH, for any 
adsorbatc from the experimental adsorption values 
for some standard adsorbate on a charcoal, together 
with fundamental data for the adsorbate for which 
AHI - AHL is sought. P’or the standard adsorbate 
one can calculatJe K and B for the given charcoal 
from an isotherm. Tcnowing AHI, for this standard 
adsorbate one can then calculate AH, as per equa- 
tion (21.). But AH, is really AH,/2 +AH,/2 and AU,/2 
is known from the Eijtvos equation.“‘” Consequently, 
from t,hc experimental data and t,hc Eijtvos equs- 
tion, a value: for AH, can be calculat.tctl and used to 
evaluate the constant, C. The value of a, can be 
rradily calculat,ed by the method of Denbigh 11” from 
the structure of the molecule, and the value of V, 
for organic molecules log lies within *20’y0 of the 
value 286 kcal per mole. For othor udsorbates, than, 
on the same charcoal, one has merely to insert values 
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TARLE 14A. Fundamental dntn on the adsorhntc p~~cs. 
. ..--._. 

Dipole 
-ATIr. AVWfl,gC morncnl Polnrie- 

Tknsity Temp cd per MOM liquid 
Mol wt R per ml c IWlC Vd Jr11 radi u8, A 24 

N2 28.02 
A 39.94 
CTIl 16.04 
RF3 67.82 
I’Ha 34.04 
HCI 36.46 
con 44.01 
H18 34.0s 
COS 60.07 
WI, 42.05 
NHa 17.03 
C:H,CI 50.5 
CAN2 52.02 
so2 64.06 
COCl$ 98.92 
CNCl 61.48 
TTCN 27.02 
my 76.13 
n-Hieptane 100.2 
TT20 18.02 
To111enc !Y2.13 
CH,N H:! 31.06 
2-methylperrtane 86. I 
Tsooctanc 114.1 
CClsNO:! 164.4 
c p’,CI, 120.!) 

-~- -.- ..-. ..-...- ~. 

0.805 -I94 
1.454 -194 

0.422 -160 
1.47 - 78 

0.736 - 78 
1.174 - 7x 
I .26 liy. - 7s 
0.993 - 78 
1.154 - 46 
0.688 - 39 
0.897 - 46 
0.99 - 20 
0.953 - 21 
1.432 0 
1.428 0 
1.226 0 
0.695 25 
I .251i 25 

0.684 25 
0.995 40 
0.X62 25 
O.fR7 0 
0.654 25 
0.6W 25 
1.641 2.5 
I A7 - 20 

3335 
1590 

2040 
4620 
3489 
38fiO 
4130 
4463 
4423 

5720 
517u 
5576 
5960 
5990 
6300 
6027 
6490 
7060 

10400 
7980 

7000 
8200 

4760 

34.9 2.16 0.0 1.74 
27.4 2.uO 0.0 1.63 
3X.0 2.23 0.0 2.54 
43.0 2.32 0.0 2.40 
46.3 2.37 0.55 3.50 
31.1 2.08 1.03 2.63 
34.9 2.16 0.0 2.57 
34.3 2.15 1.10 3.64 
52.0 2.47 0.65 5.05 
61.1 2.61 0.0 4.55 
24.4 1.92 1.49 2.14 
51.0 2.45 1.86 4.41 
54.6 2.51 0.0 4.65 
44.7 2,35 1.67 3.76 
fN3 2.72 6.51 
50.1 2.44 4.58 
38.9 2.24 2.6 2.46 
60.6 2.60 0.0 8.03 

148. I X4!) 0.0 13.7 
18.1 1.74 1.85 1.48 

107.0 3.14 0.4 12.3 
45.2 2.36 0.99 3.8% 

182.0 3.37 11.8 
165.0 3.63 16.5 
100.0 3.08 10.82 

82.1 2.M fi.*56 

TABLE 14H. Buutl:tmeutal rlnta on nrlsnrhte gases. 
-.. ..-/ 

Fundnmcntnl Tots1 xurfacc 
frequency bothem corlHtarlt energy AH, AZf,c cnl 

GfiS Vo kc>11 A R rxl per molt per rrlole Iyg VI,” AH,.+:AH, -- 
N2 402 561 700 
A 396 643 645 
CTT, 324 240 1210 817 120x x22 1677 

;g, (300) 435 2!)5 650 1485 I555 1460 1410 1551 I778 1043 1050 ,231l 2483 
TTCI 311 394 1300 1401 X1X 
CO% 357 2R2 X16 I320 840 916 1500 
H,S 2,57 1060 60x 1208 935 
COS 313 765 I 1417 1740 1741 15x0 2fi20 
CaH, 307 II70 1451 2061 1675 
NlI.7 271 1290 580 
CH,CI 312 1117 lOXI 1910 1667 1380 2622 

gyp 285 272 1020 X70 129fH) 915 2050 1x40 1407 IBX!) 1022 1322 2609 2432 
COCI? 274 1465 1429 2100 2266 17% 3306 
CNCl (300) !)38 1160 1581 1372 
IlCN 321 552 765 1100 XXI 790 1431 
cs, 188 1610 1 I 92 2520 2102 1510 3362 
n-Heptaue 2490 
I&O 311 360 10 1520 0 460 760 
Toluctw 2870 
CH,NH, 294 Ill0 !)!)O 1145 1549 1140 2121 
2-methylperhue 
Isooctnrlc 
CC:l,NOt 2620 2000 3640 3667 3030 .i4s7 
Cl?&:la 1160 1910 1850 2530 1970 3455 
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~‘rcuar: 43. Ploij of equalion (22) for dclcrmiuillg l)ha 
cn11st,a11t c. 

To show Ihe usefulness of t,hiK rnct~hod of pry 
cd~tre, thrc are lided in TsMc 15 values fol 
- (AHI - A![,,) for the: various :dsorbates :.LM de- 
tc:rminetl cxpcrimentdly and as wlcul:tt~ed using the 
idherm for CTT,Cl for evnluating t,he const,:tnt, C. 
It is readily appawnt that on(: w~ulcl not, 1)~: misled as 
to the nrtture of the adsorption isot,ht:rm of any of t#lle 
gases linted by ttic: calculntotl due for tlic differance 
betwcn the intc:grd heat of adsorption and the: hc:tt 
of liquefact,ion of t,he dwrt~rtt~e. 

The quwtion naturdly arisw as to the: r:xtent to 
which t,he rtwdts in l’ddr 15 are tlq)cndent, upon the 
nnt>urc of t)he :1,sxrlmption made as to the shape of the 
porw in t,hf: cqillarp. If one ~~RU~CS that, tllr: ad- 
wption is tdlking placr in pores t,li:tt~ are cylindrical 
ant1 lo1Ir molccrlles in dirtmeter, one obtains 311 equa- 

TARJ,E 15. Calculation of -(AH{ - AJ~~L) for variow 
a,dsorbates on CWlqN 19, nssuming &orb&e is in 
capillaries with parxllel walls four molecular diameters 
irr sixc. 

_ . ..- -. ..-. 
-(AHr - A~~TL) 

-( Al11 - Aa I,) cakuhtcd from 
Terrrp of from actd conf3tnnt C 

isotherms isotherms by and vducs foi- 
Gas C equstion (I 6) r+Vo~ xnd AH, 

- .__- CH, - 1t;o I289 II31 
km~ -78 1589 I230 
PH!i -78 1778 1255 
co, -78 840 1050 
CO8 -46 I7.550 2080 
CH,CI -20 lBf7 1625 
C2N2 -21 1689 15GO 
son 0 1407 89.5 
U3C1, 0 2256 2290 
HCN 25 881 925 
c’s ,I 2 2.5 2102 1570 
(:H,NTT, 0 1549 16fiX 
CCI,NOz 25 3RB7 38GO 
CF,CI, -20 2530 2755 
TLO 40 0 -23 

--...- -.- -. “.. 

TABLE 16. Calcril:~,tion of -(AH1 - AI~L) for various 
ndsorhatcs on CWSN 19, assuming ndsorbatc is in 
cylinders four molecules in diameter. 

--.-- -- ,.--.- ----. 
-(AHI - AHL) 
rxlculstcd from 

‘I’ernp constant C 
of --(AH1 - AHI,) for CH#I and 

isotherms from actual vdues for 
C&S c isotherm dat,:r, LY,, V,,, ard AH, 

-. _- 

;I:4 -160 - 7x 
FH: - 7x 

1232- 1524 1155 1185 
1713 1230 

CO, - 78 775 1020 
CO8 -46 1684 2110 
CH,(:I - 20 1584 1584 

g:! - 21 0 IGOB 1316 1514 760 
COCl, 0 2165 2290 
HC>N 25 7x1 !3B5 
cs2 25 2002 1440 
CTT,NH, 0 1459 1582 
C(:l,NOr 25 3587 3854 
CW,C12 - 20 2457 2438 
HI0 40 -113 -64 
--. -_, --, - --- 

Con similar to (1.61, except that, the: constant, 2 is 
cliangcd to ftbout, 1.5. Evduation of the clift’ewnrt: 
bet,wccn the heat, of adsorption ant1 tlic heat of lique- 
faction calculated for a cylinclricd wpillrtry from the 
::ttdut~e phy~id cnnstJants for the dsorbato and the 
tliffcrence Ijc:t,wcen these two twit quantities ns cd- 
culald hy t,he proper modification of equations (17, 
20, 21, rend 22) is drown in Table 16; it is evident thut, 
to :L close agproxirnat~ion, one cnn cntiniate th(: m:tgni- 
tide of the difbcnce between Gir: heat of adsorption 
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and the heat, of liqucfa(~t,ion without, too much error 
being entailed by tihc: nature: of the asn!m~ption that, 
has to be made mlativo to lhn xh:q~c of t,hr pores of 
t,he charcoal. The procedure here presentled should, 
therefore, b\ vr\ry usefrd in quickly evaluat,ing t,he 
probable adsorption characterist,ics of any adsorbnt~r 
if only the polarizahility, the fundamentIal frequency, 
and surface cncrgy of the adsorbat,e molecule are 
known. If one wished to estimat,e t,he adsorptIion at, 
room temperature, one should divide Allr - AT1 r, by 
298 and then solve for V at the particular partial 
prcssurc being used by inserting e - (AF’r - ‘Hc)‘Rx for 
C in equation,(3) or (5), and using an cstimatcd I/,, 
hascd on a comparison of the size of the molccllle~ 
being studied wit,h tIlw V, and size of the molecules 
Ilsed in the standard isotherm. Since actual ad- 
sorption usually deviates at; low rrlativc pressure in 
the direction of being gr&cr t,li:bn that estimated 
from equation (3) or (5), tllc above method of esti- 
mating t,he adsorhabi1it.y of an adsorbate is conserva- 
tive and would give adsorption values that, if any- 
thing, would bc too low. 

6.10 ADSOKFTION OF PS, PYRTDTNE, 
PICOLINE, CCI, AND OTHER VAPORS 

ON CT1 A KCOAL 

Most of the adsorption work has been done upon 
bypica war gases such as PS I11 as a function of ttic? 
kind of charcoal and the amount of moisture prcscnt, 
during adsorption, upon gases such as pyridinc and 
picoline 27 that, appear to be useful for improving the 
quality of whetlerites, or upon gases such as CC&11”-114 
which have heen used in studying pore size and 
rates of adsorption. Other examples of adsorption 
have ulrcady been included in t,hc discussion of the 
>Ldsorption of nitrogen and w&r vapor as t,hey are 
r&ted to surface area and pore size measurements. 
Additional data on adsorption, which will he included 
in the section on rctcntivity, have t>oc?n ttlken pri- 
marily wit,h a view to judging the danger of dcsorp- 
tion of gases intro a stream of vapor-free gas. 

6.10.1 Adsorption of I’S on Charcoal 

The adsorption of chloropicrin on CWSN 19 was 
determined II1 at, 15, 25, and 35 C: 1)~ passing a gas 
stream charged with a known amount of PS through 
a tube of charcoal and dctcrmining t,he incrcsnc in 
weight at steady state. The results are shown as a 
Polanyi plot in Vigure 44. The detailnd data are 
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given in the original report. It is evident, that t,lit: 
data all fall, as would t>c espcc:t,od, on the same curve. 
Hence, at, a given rclativc: prcssurc: the fraction of the 
t,otal adsorption occurring c:li:qt:s only slightly. 
The isotherm is of the strong adtiorption type, large 
adsorption occurrin g at low relative pressures. A 
typical isotherm is shown in Figure 45. 
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PO 

The influcnoo of water vapor o11 PS &orpt,ion was 
also dctc:rmincd.lll In TdJr 17 arc shown dat,a taken 
on CWSN 19 in the presence und al)sonac of water 
vapor equivalent to adsorpt,ion equilibration at, 0.75 
RR. Similar data for the Type A whet,lerite CWYN 
Type 1 are also included in the table. 

It will be noted that, for high relative pressures of 
PS the wat,er vapor has lit,tle effect on the adsorption. 
Presumably the water is quickly expelled by the more 
strongly adsorbed PS. This is true regartlloxn of 
whether the experiment, CWLS started with dry char- 
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coal or with charcoal t,hat 11,tcl already been equi- 
libratJc:tl with water vapor at, 75:1, R.H. However, for 
small partial prcsxures of 1’8, the presence of water 
vapor cquivalcnt to 75(x, l<,H had a marked inhibiting 
effect on the 1’8 adsorption. This is c:onxist,ent with 
the well known fact that under the: test con&lions 
usually employed for 1’8, the presoncc of wat,c:r vupol 
causes a marked decrcxsr in the break time of the 
musk or charcoal t,ubr:. 

Tnmr: 17. Weight of P8 :ljdsorbed in the presence of 
wn,ter v:tpor on ch:trco,zl CJWSN 19 aurl whetlcritr: 
CWSN 19 Type 1. 

--.. .--e .-.. ._.e-.. .A 
Initial condition 

nf charcoal or P/P” for 
whetlcrite 

Dry 
Wet 
Dry 
Dry 
Wet 
Dry 
wet 
Dry 
Dry 
Dry whetleritc 

PS 
-. , 

0.75 
0.75 
0.75 
u.045 
0.045 
0.031 
0.031 
0.034 
0.00 
0.017 

hdaorption A&orpt,ion 
P/P,, for of PS grams of H,O 

IT@ r=rg -_-_ ErainH per g 

0.00 0.925 
0.75 0.!)2 d.b' 
0.75 0.90 0.0 
0.00 0.77 
0.75 0.465 03 
0.00 0.72 
0.75 0.41 iii 
0.75 0.58 0.11. 
0.75 0.50 
0.00 I.67 . 

Dry whctleritr 0.017 0.75 0.32 0.24 
Di-v whctlerite 0.022 0.00 0.5!) . 
W& whetlerite 0.022 0.75 0.19 0.33 
Dry whetlcrite 0.00 0.75 . 0.409 

6.102 Adsorption of .Pyridine and 
4-Picolinc 

In view of t,hc Gdespread interest, shown in t8hc 
possible use of pyridine and relat,ed mat,erials for im- 
proving the aging characteristics toward CK under 
80-80 tests, some measurementJs have been made 27 
of the adsorption of both pyridinc! and 4-picolinc. The 
rcfiillts art! illustrated by the isotherms in Il‘i~ure 4(i. 

The isotherms arc of a st)andard strong ad+xqt~ion 
type and indicate that both of these gases would bc 
strongly held by the charcoals. The rates of adsorp- 
tion &served wore extraordinarily low. As much BK 
20 hr was required in the equilibration of coach 
adsorption point. The extreme slowness is probably 
connected wit,11 the slowness of surface migration of 
molecules of this molecular weight, :md strongly polar 
c:haractJer into the tiny capillaries of t,ho charcoal. 
The: cause of the slowness cannot bc stated with cer- 
t,ainty until further studies on similar molecules arc 
made, but, there can bc no doubt, of the reality of the 
slow nature of the gas pickup. 01le sample of a Type 
A whetleritc prepared from a HC charcoal showcxl 
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P’rc.rrHx 46, Adsorption of pyridine and picolinc by 
CWSE lY0 l3lY rtt 23 CI. < 2 

strong adsorption of pyridine contrary to t,hc obser- 
vation ma& at Edgt!wood Arsenal to the offcct : hat, 
this .whetlcrile would not adsorb this vapor. The 
calltie of the disagreement, ix not, known. 

6.10.3 Adsorption of CCl, and Other 
.Vapors by Charcoals 

Most of the adsorption work dealing with the 
pickup of CC14 by charcoals has been done with a 
view to at’udying the pore size, sorption capacity, 
and rate of equiiihrntion of various charcoals. The 
Canadian workers have employed an isopiestic teah- 
niqut? x--114 in t,heir work thxt seems to simplify 
grcxtly t,he making of comparisons of the sorpt,ive 
capacities of the various charcoals. By their pro- 
ccclure, a #cries of charcoals togother wit,11 some 
standard charcoal is exposed to CC& or other vapors 
at, various but unknown parCal pressures in a desic- 
cator. The samples are left, until equilibrium is 
attained. By knowing t,he adsorption isotherm for 
the standard charcoal, they arc able to ostublish the 
dependence of adsorption of the other charcoals on 
the partial pressure of adsorbate. Their proce lure 
affords a rapid and easy means of cstahlishing the 
relative sorptive charaatcrist#ics of a large number of 
charcoals. They find a certain correlation between 
t#he isopiestic isotherms and the vol~mx oclGit~/ 
(weight, of udsorbat,e picked up by the charcoal in a 
standard tube test, up to the brcek point,). 

In a report by Heist and Slyh,115 it was stat!ed that 
an unusually large variation in the capacity and the 
rate of CCl, adsorption was observed for a number of 



142 MEASUREMENTS ON CHARCOAL AND WHETLERTTES 

base charc:ottls. The sat,uration values in the: tern- 
peratum raIlg(! 20 to 23 C mere: reported to 1)~ only 
about one-third t,o one-half as large as those of 25 C:, 
and the c11arc:oal was four times as slow in ctlui- 
librating. Since tlinre seemed to tw no reasonable: 
explanat,ion of Lhis br!havior, the ~c:sull;s were r~- 
peated by Holrrw. Measurements on four Nat,ional 
samples, CWSN 85, CWSN 19, CWSN .I96 BlX, 
and CWSN BlX TH 110, gave result,s that, con&- 
dieted t,he expcricnco of Heise and Slyh and gave 
normal adsorption values both as rtgarcls the rate 
of equilibration and the totJal adsorption. A later 
recheck by the, National workers indicstc~d that, t,he 
early report was in wror. Tn view of this fact,, the 
reslllts are not Iwing inclutleti in the prr:sc:nt, wport,, 
but, are merely lwing called to the at,t#c:nt,ion of t,he 
reader. 

Canadian workers llavc: st>utlietl the adsorplion of 
a number of vapors otliw than CC& by various c*har- 
c0a1s.l~~ Most of their work had been done by t,hc:ir 
isopiest,ic rnct~liotl and a great deal 01 il is concwncd 
with determining 1110 saturation adsorption v:duc:s of 
charcoals toward misc:c:llarlc:ous vapors. The ttrnt)unt 
ol’ various vapors taken up b.y a series of five c:ha.r- 
coals at sat8uration arc giwri in Table 18, the rrhul1 s 

TABLI~ 18. Isopicst~ic vdurr~c :tctivitien” at, tintluxtion. 
Weight of adsorlxtte per 100 cc char. 

( Inrhnn mnnhcw 
vqmr 

1 7 8 0 0 
Cartxm 

t,ct,rnchloridc 24.4 26.2 30.2 3X.2 89.4 
l’hopgene 2O.G 24.8 28.2 33.5 34.0 
Mustnrd gas 19.8 21.x 25.7 31.9 32.9 
W:r t>cr 14.1 15.9 1X.9 23.0 . 
Amy1 chlorida 

iGi ii.5 
18.0 22.0 . . . 

Benzene 17.3 22.0 
Methyl ~~lcohcrl 12.0 13.5 15.7 1!4.6 
~d~CX~l,IK! 13.3 lB.8 : : : 

+ Prom 11rport No. 2 I’rr)jcvt, (‘I+: 107 by F’rrgumtl ShcHcr. a~bd Wddoc!,, 
April 10, 1942. 

being c:xprc:ssc:tl as weight of ndsorbat~e t,aken up by 
100 CC of tllc: c:lwwnl. The same group of esperiments 
showed that the volumc~ activiiios of any charcoal 
toward oiglil tliffwwt, :&wbat~e vapors bears a 
constanl ratio for all atlsorl~at,o vapors against, the 
volume activiliw of H st~sndartl charcoal. Ij’or es- 
ample, thr volurnt: activity of charcoal No. I in 
Table 18 was approximately O.ti2 that, of t8ho volume 
;activit,y of c:hart:oal No. 9 for all of t,hc! wpors sho\vn 

in Table 18. S11cll mwsurcmcnts w: accordingly 

Very uwful for comparing different, charcoals and for 
predicting tht:ir behaviors toward adsorbates upon 
which they llaw not been t,ried. 

6.11 HEATS OF AI~SORJTTlON- AND 
I M M ICHSION 

(ComparatJively few mcusurc:nwnts have been made 
as part of t,he NDRC program on t,he heats of irn- 
mersion of charcoals, aside: from the standard routine: 
tIesting of cllarcoal by rnwsuring thr llc:at c:volvc:tl 
when a sample is imfncrswl in benzene. .Y olmg has,24 
however, employed an accurt~t~c: c:aJorimet,er and com- 
paaed his resul t,s with those ol)tairwtl by the standard 
CWS test, meLhod. The heat evolvc:tl will increase as 
ttic sample being used is made frior~~ nearly gas free, 
Tlu~s, :1 sample measured in air ovolvetl 28.2 cal 
pw g, 011~ mwsurcd in helium evolwtl 30.2 (:a1 pw 
g; and one mcwurwl in vacuum producctl 30.85 c::tl 
per g. ‘I’liwc: values are t,o be comparc?tl with 26.5 cal 
obl~ainc:tl by the usual CWS hcatj of immwsion 
t,wliniqiic: and 29. I cnl when the CWS c::dorimt:tc:r is 
c::~lilwr.t,c:tl by c:lect,rical heat,ing terlmiquc:. Hc con- 
cludes that, l,li(~ usunl crude measurements are quite 
satislat:tory arid within 3 to Ciy/h of more accrlrately 
tlct,crminc:tl v:~,lucti~ tlepentling upon the rnet,hod used 
in r:alibrating tlic c:alorimt!tw. 

Young 24 also obta,inc:tl a fw values for the heat, of 
immersion of clww~:~l in w:~,t,r!r. For CWSN 19, t,lw 
evolved heat, was 59 wl pw g. It, was given off over a 
period of 48 lir and rc:qIlirc:d :.L sy,c:cial-t~c:c:tiniqu(: and 
method of calculatJion for its tlr:tc~rmin:lliori. On the 
other hand, CWSN 19 TUC 87, which was prepared 
by oxidizing CWSN 19 in air until it had 15(x, 
oxygen, yieltlctl a valrle of 24.6 cnl pw g but liberat,ed 
t,his heat, rapidly. It, is easy to untlwstand why the 
11cat should ho liberated more rapidly from the: 
oxygen-c:oRt,c:tl sample. The adsorption at, low rcla- 
tivc prwsuwn in much greater and, therefore:, the 
rate of naturation in all probability is also greatw for 
iJw oxygc:n-t,1,c::lt,c:tl t,han for the original C WSN 19. 
However, 111~ avcragc: or intc?gral heat, of adsorption 
cvo~~ld, if anyt,hing, hc gr&w on the trcatcd than 
on t,he untreated sample. It is, Lhc:rc:forc:, dificult to 
accorml, for Ihr wuJlw liwt wolved on immersing 
t,he oxygen-treated ~arnplc than on irnrncrsing the 
original CWSN 19. 

Trost and Morrison l1li rn~~:~~sur~:~X the: hat of ad- 
sorption of but,yric acid from ~~c~uc:oi~s solution onLo 
the sdace of rliar~:oal. On a scrics of charcoals thatj 
had been activated lo different tlcgrces, they found 
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that the heat, of adsorption of the butyric acid was 
constantj at 2.2 kcal per mol of butyrjc acid atl- 
sorbed. It w:~ concluded that, within thr: accuracy 
of the measurements, the activity of t,he surface- 
per-unit ar(‘>L did not change during activation. In 
other words, the quHlit,y of the surface was constant 
even though the absolute surface area was increasing. 

In connection with mcasurernentJs being made on 
rol,entivity, Wiig I17 hari clet,orminetl the hratj of 
wctling in ethyl chloride for various charcods. 
The result,s arr: shown in Table 19 in rompilrison 

TABLF. IO. kfe:hx of wctIting in ethyl chloride rtt 0 c’ 
for vn,rious dmrs. 

-. .-. -. F.- -_. -- -- -- -- LT 
hv hat HWl Heat of 

of Lkmitg of wetting in 
wetting of wrtting hmzene 

Chr cd pw g cl1:tr cd per CC cal per Cc, -- -.. -- -. - .~ - 
PCS1143 11.5 0.533 6.13 9.37 
us-134 11.3 0.530 6.09 
IC-166 Il.6 0.615 5.97 
T)Y--l&4/\ 12.4 0.482 5.97 
1)X-M 12.7 0.472 5.99 
K-518 IO.9 0.545 5.04 
FAX! on PC:T-I 
r; -204A-2X 

143 10.7 0.617 Ii.61 
17.4 0.:x24 5.63 8.45 

N-2DlAY-I 17.x 0.283 5.04 
NY-1 6.5 t4.3 0.380 5.43 
T<:ASC: ,.,,I N 204A--25 14.2 0.412 6.X5 
Yd t>k! 13.9 0.35 I 4.88 7.95 
JT-1366 10.4 0.438 4.56 
H-960 14.7 0.356 5.23 
ISASC on Br:dtk ’ /> , 12.0 0.456 5.47 
,- .-. ---.. ---. --. .-. .-.. - 

5.12 H ETEN’I.‘LVITY OF C:HA.RCOALS 

It, has long been recognized tli:lb a complete ap- 
praiszl of the performance: of a nit& in removing 
a poison gas must, concern iinclf wit81i the r&live eas(: 
wit111 which the a~dnorl~ed go is givrm up to :l stJream 
of poison-five air as well :JS with the! len& of’ time 
the mask will givo protc&on when uscxl against, :t 
stream of g:ls cont,aining 3 definile concentration ol 
thr poisonoils component. The nhilily of an :&orbcnt 
to Main the: gas which it has pi&cd Ilp is generally 
callctl the: r*eh?tioity of t IlC adsol*lmlt. 

rl’l~eesactrnet,hodof dot,crmiriingt,hcrctent,ivityand, 
henq of dr:fining its t<ruc: meaning has varied :1, great 
deal. The history of work tlonc is given by Volman, 
Doyle, and I3lac:et ‘lR and by Stevens lly, lzO and need 
not, he rcviewetl here. It will suffice: for prc:sent con- 
siderations to point, ollt that thcrc are really two 
extreme cases with which one has to deal in approach- 
ing t8heproblem. If a mask is used against, a poison gas 
for only a fraclion of its break time and is then per- 
mitted to st,aritI rmuscd for a sufficient length of t,ime, 
it, is known tJhat the &orbed g’as will eventually 
rrdistribute it,& uniformly throughout, the mass of 
adsorbent. When the rfxlist~ribution is complete ant1 
t,he mask is again put, in t,o service, thn first bit of air 
passing tJhrough will remove the adsorbed ~RH at, :I, 

gaseous concent~ration corresponding to the adsorp- 
tion isotherm of the particula,r adsorbate being used. 
The seriousness of such redistrihlltion and &sorption 
will then depend primarily upon the shape of the: 
adsorption isotherm. The other extrcxne case is t,hc 
on0 in wlii(:h the: Imslr is used c*ontinuously, but! thcb 
poison cont,ent, of the entering air drops to zero before 
tShp brc>:lk time: is reac+hed. The question t,hen nsises 
as t,o ho\l- long the rn:& can be kept in wntinuous 
wrvke 011 poiwm-frco air before the slug of adsorbed 
jirls works its41 sJong the canister bed ant1 into the 
exit, gas stremi. 

A &mpletc~ solution of the problrm wollld involvch 
measuring :ulsorption isot,herms for all t,he known 
and potcntinl poison gases that arc removed by ad- 
sorpt,ion on :JI Servicr charcoals, b&h untlrr dry and 
moist. cant-Miens, :Ind also measuring t,hc retcntivcl 
tirnt\ lor a11 gases as a function of moisture content,L14n 
and fraction of the service time: during which the 
sample was being gassed beforct the b(~ginning of the 
p:lssage of poison free air through the sample. Many 

~urh tl:bt,:l ham: been ac:c:umulated and arc availLLble 
for I~IIIIWOIIS gases :mtl charoo,zls Im t, t,lle specific: 
IwUh 011 :tCtlld pOiSOI1 gaSt:S are Ilot aV&d)le at, 

the prpfient, writing. In this section we shall restrict, 
our :~ti~ention t,o two papers by HtPvens lly, 12” and 
ant: by Volman, L)oyle, and Rl:u:et, 1’s dealing with 
the: adsorption and retentivit,y of a number of non- 
toxic organic vapors as a function of moisture: contcnt~ 
of the &rroal and gas stream, and the relative 
misribility of the gas being used and water vapor. 
Wiig ‘I7 11:~s also hcen carrying on an c:st#erisive st,ucly 
of the identivity of ethyl chlorith: but the final 
rqmrt, of hit;: work has not yet, been rcceivcxl. 

By snt,ur:tt8ing :L sample of c~harco:41 with given 
partial pressurcti of vapors :md tJhon noting the 
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c:hangr: in c~oncentration of the elliuont, gas whc:n 
vapor free: air is passed into the sample, it is possiblr 
t,o const,ruct, an approximate adsorption isotherm 
giving the amount of adsorbatc left on the: sample as 
a function of the exit, partial pressure of the! adsorbatc. 
Ordinarily, the: approximate isotherms so ol)tained 
will be somewhat, lower than a t,ruo isotherm hc:c:ause 
t,he charge 1efL on the charcoal at, any st,ago in the 
desorption is nol uniformly distributed but is con- 
centrated more at, the exit, t,han the entranac: to 
the bed of adsorbent. Nnvertheless, such appr~osi- 
mate isotherms serve as a useful means of predicting 
the initial exit, concentration of vapor that one cor~ld 
aspect in a mask as a function of tlic amount of 
adsorbate that had been taken up and permitted t,o 
rc?distribute it,self. This technique also permits one t,o 
determine t,he influence of moisture on t,hc reten- 
tivity. 

By employing such technique, the approximate 
isotherms wcro constructed for CC&, (XC&, C&, 
ethylene dichloride, met,hyl ethyl etll(!r,“8 neopen- 
tane, 118 acetone, und methanol.“* It watt concluded 
that water vapor dccrcssed t,he amormt of adsorbate 
that could be held at equilibrium and dccrcssed the 
retentivity very mark&y for all vapors that, were 
insoluble in water. For those that, were s1ightJ.y solu- 
ble, the effect was less pronounced and for those that 
are miscible in all proport,ions with water, no appreci- 
able decrease in the tots1 sorption capacity or re- 
tentivity of the charcoal was found to OCCW. As a 
matter of fact, it was shown that tho isotherm for 
rncthanol could be derived in the presence of wat”r:r 
from the dry isotherm and the water isotherm. 

Time required for the efiluent gas to build up to 
the break value depends upon t#he length of the 
gassing tirnt: and t,he relative humidity. This is 
illustrated in Table 20 taken from the reports of 
Stevens.ll” The Qus time in column 3 refers to the 
number of minutes during which the vapor CHCI.5 
was passed through the adsorption tuho. The re- 
tentive time in column (i is measured from the be- 
ginning of the gassing period. Columns 4 and 7 
represent the percentage of the service t,ime during 
which the sample was gassed, and the pcrccntJage of 
t,he service time to which the retentive time is 
equivalent;, respectively. It is evident that the ratio 
of the rctcnt,ive time to the service time depends both 
upon the? gassing time and upon the relalivc humidity 
during tlic runs. 

The suggcst,ion has been made I18 that retentivity 
experiments carried out wit,h an organic v:tpor of 

medirun molecular weight, might enable one to antic- 
pate the behavior of unknown poison gases that 
would have to be removed by adsorption. rt may hc 
well to point out tJhatj this would he trllc, only in thr 
event, thatj the unknown poison gas had t<he same 
adsorptive: chnract~cristJics as tlic organic vapor. If 
one could prc!tlict t,he isotjhc!rm of ~110 poison gas from 
the structure and physical propertioa of it#s rnolocule, 
one could also anticipate fairly ~011 the retcnl,ivity 
of the gas. Progress has heen mado in this dircation 
as out,lined in S&ion G.12 though it cannot be said 
t,hat the? exact shape of the isotherm (:a11 yet, be pre- 
dicted with sllfficient detail to be vt:ry helpful in 
calculating tlic: rc?t,entivity. 

-:-e-. 77 
Fewice Gas Retentive: 

Relstive time T, time “/. of Chargr: time y. of 
humidity in min rnin ‘1’3 IXlfz min T. 

0 143 100 70 900 158 110 
71 50 639 235 164 
50 35 450 550 385 

60 50 35 70 315 58 116 
30 60 270 60 120 
25 50 225 7x 156 
20 40 180 108 216 
17 35 1.53 230 460 

70 32 20 62 180 36 113 
1.5 47 135 42 130 
10 31 00 60 187 

6.5 19 59 96 300 
5.0 15.5 45 150 470 

80 22 II 50 99 25 114 
7.2 25 65 30 136 
4.0 18 36 40 182 
2.2 10 20 55 250 

* ~vm> C. E. 161 III--l-IROG by W. H. St>rvrna, Sept,erntxr 8. 1044, 

6.13 CHlXMTSORPTlON ON THE CuO IN 
TYPE A WHKTLERITEY 

In order to obtain some idea as tjo the extent of 
surface of the inorganic material ad&d to base char- 
coals in tllc! course of waking Type A whetlerites, a 
search was made for a gas that, would not, be strongly 
adsorbed on charcoal and that wor~ld form only a 
layer of chemically bound adsorbate on the CrlO 
attached Lo the charcoal. At, the same time, measurc- 
ments were made on two diffcrcrit samples of CuO of 
known srlrface arcas. 

The detailcd resuhs of the work need not, be given 
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hcrc.r”l Jt, will sufiic~: to point out, t>hat IJ& PII:+, 
C:NCl, B1t3, HCl, (:2Hg anti NC) all appear to react, 
at, room tcsnperaturc with the Club in Type A whet)- 
leritcs to a depth in excess of a monolayrr and hence 
will not, serve for measuring the surface area of the 
whet,lerizing ingrctlients. H#, CNCl, J3Vn, and 
HCl seem especi:dlv reactive and probably combint: 
almost, st,c)ic:hiomc:t~ri~ally wit,h t,he copper oxides 
prcnent. NC) reacts extensively even wit,h t,h(: base 
aharcoal. CO, 80z, IT&, C2N2, and NIL arc! all 

chemisorbed in amounts that> do not cxceetl tC monc)- 
layer. They combine to indicate: Lhat on the t,hwc: 

Type A whetlcrites invc:xt,igatetl, CWSN I9 TP I, 
CWSN 19 TIJ 8, and CWSC 10 ‘l’l 15, about 3 ml of 
gas in requirctl Lo form a monolayer on thr, coppol 
oxides of the: wheth~rite. This corresponds t,o a parti- 
cle Kize of at)ol& 100 A for t,he CuO cryst,als. 

6.14’ STRUCTURE C)E’ CHhHCC)AL 

Thert: are very few things about, whi(:h we can be 
Hure as regards the at,ructurt: of charcoal. Perhaps 
one of the few t>liings wc can say wi t,h certairlty is 
that, an active charcoal must contain a network of 
capillaries, some large and some small. This seems 
essential in order t80 provide avchnues by which the! 
molncules that, are t,o l)(: adsorbed can gain mtrancc: 
t#o t,hc interior of the charcoal part,ic*les and t#o th(: 
large: surface area that, ml& necessarily 1~: locat>c:d 
in small pores. When, however, we corn0 to a dis- 
cussion of the: pore sh:LpC and n,sk whet,her we shoultl 
consider (charcoal as a honcyc:omb Btrrlct)urt: of 
approdm:~i,cly cylindrical porw, or as a c:ollection of 
pMelets more or 1~:s~ parallcl t,o each other and 
forming boxlike capillnries of rectangular cross sec- 
t,ion, or some combination of these, or some arrange:- 
merit, involving pores of still dificrcnt, shapes, we 
find ourselves iu tlla realm of speculation and unable 
to speak with certainty. l’r~rhapa t8hc best, proacdure 
to follow in s~immarizirlg the evidence is to cow 

sidcr the results obt>ained from carh of the: principal 
tools and tgpcs of measurement, through which cvc 
can hope to obtain information as t,o t,tic pore shape 
and t,he goneral st,ruc:Lur’e of nliarcoal. These various 
appro:b&~s will include ( I ) X-ray tliffrxct~ion studies, 
(2) microscopic studies, (3) electron microscope 
st,udies, (4) area and pore volume mf;asuremerlt,s and 
c::&ulatiorw, (5) chemical behavior of charcoal, 
(Gj expansion of c*harcoal tlruing :ulsorption, and 
(7) measurement,s of the t>ruc densit,y of the: caarbon 
in charcoal. Thcsr: will now be discussed in turn. 

6.~4,:1 X-ray Structure Work on Charcoal 

In an &ended ficries of pnpnrs, Johnstom: and 
Clark *2’L, 12X have roported t,he rc&ts ol' t,heir study 
of t,hc &uct,urnl c:hnrttcterist,ics of Home 1,200 
samples of carbons, cokes, activat~ed charcoals, 
resins and gas maFk &o&e& of all kinds. A num- 
ber of their observations relating to t)he charcoals 
are as follows. 

I . Charcoals Kinter and tJurn irlt o graphite murh 
1~s~ readily than does petrol(~um coke. 

2. The V&K! of c (twice: t#hc spacing between 
planes in the u direction) is about, 7.72 A for a coco- 
nut charcoal and 7.47 A for a National charcoal 
made by the ZnCle proccs~, provided the samples 
have not been hnatcd over 1100 C. This compasos 
witll 6.70 A for graphit#e. 

3. The value of cc is about, 2.45 A for both t,hrse 
charcoals and for graphite. 

4. These charcoals appear to contaiu a number of 
platolets which in the c dire&on arc dmk 10 A in 
thickness; for a few other charcoals t,lliti thickness is 
as high as 12 A. 

The disks or platelets of o:~rbon revealed 1)~ the: 

X-ray st)lltlies are hroadcr t#hun t,hey arc thick. 
lror coconut charcoal they range from ahout 20 A for 
samples that havrl been heated to no more t)han 
500 0, to 39 A for samples that have been heatled to 
1000 C. Values for this L,, dimension for National 
charcoals st,art, at, 20 A for the cooomrt, charcoal 
but, extend up to 45 A on samples heated to 900 C 
and lo ti3 A for samples heat,erl to I 100 C:. 

The S-ray results, taken as a whole, constitut,o 
strong evitloncc t,hat, much of the carbon in c~harconl 
is arranged in platelets. The profcrent,ial growth of 
these in one direct,iori sonms t,o be especially con- 
vincing evidence of their reality. Jolmstonc and 
Clark nonclrxde ‘z3 that; “the data obt,:tinrd from the 
LX-ray study evidently gives credence to tllc idea t,llut 
activation is essentially :L process of cleaning out) 
capillaries in changing t>hr:ir size, and perhaps thei] 
shape without, greatly effecting tllc: mat,rix- tit,ruct,urc\ 
of carbon.” 

6.14.2 Microscopic St-udics 

I>uring World War 11 no extensive microscopic 
st,udic:s of charcoaln were wported. However, it is 
well known from published roport,s 12,‘, “L4R, that, it. is 
possihlc to show the presence of large’ capillaries in 
the surface of c!hrc~Jd particles by photomicro- 
graphs. Necessarily, the limit to such st,udies is 
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about 05 micron so t,hat, c~apilla&:x smaller t,han 
about 5000 A will not, bc ol)servabln. These micro- 
scopic: studies, ut7:ordingly, will inexiy confirm the: 
presence of the large connecting channels by which 
the gases that arc t>o be adsorbed gain access to the 
interior of the part>icles. They show nothing abc-HIP, 
t,hc shape or distribution of the fine pores. 

6.14.3 Electron Microscope Studies 

Eleclron microscope pictures push t,he microscopic, 
observations orlt to capillari(ls smaller by perhaps a 
factor of 50 than those obscrvahle in the> ordinary 
light microscope. Tl ic results have been well ox- 
pressed in a summary of the papc:r by Johnstone, 
Clark and Lc Tournc!au: 12K 

Thirt,y+ix electron rnicrogrephs of vrtrinux charco:tk MY! 
presented. While they do not reveal t,ha u1Cimat8e pore st.rucOure 
of Ihe chzwcnal, they do show :t kw~er pow Htructure bctwcen 
several hundred and 1000 A in ditrrrlet8et, in the nut shell chnr- 
coals a8 ordinnrily prepared, in Cwlitile charcoxl, in low density 
National C&wn Compny chnrcoals, and in highly ncl,ivnled 
(steamed) Barar~ chnrc(>>Jls. The import.snce nf t<hcsc l>~r,ge 
pores is not fully established, hu 1. t,hey may effect) the rrttcs of 
adsorption uf gn,scs by the charcoal, 

6.14.4 Area and Pore Size IMeasurcments 

In earl& work, Young 128 calculstc~d the diamct,or 
and length of a cylindrical capil1ar.y that, would be 
required to be equivalent to the area and port? 
volumes of typical churt:oals. For CWSN 19 using a 
value of 1,338 sq m per g for the area, 11~ concluded 
Ihat, 2.05 X 1CP cm of ports 20.8 A in diameter would 
be needed. To illustrate the enormous length of 
capillary thus involved, he pointed out Ihut the 
length in a l-g sample would bc equivalent to 40,000 
t,imcs the circumference of the earth. If one assumes 
thnt these cylindrical capillaries are arranged as a 
honeycomb in a particle of charcoal, it turns out that, 
the minimum wall thickness betwocn the cylinders 
would be or&y about 4 A. It is a lit,tle difficult to 
reconcile such a picture with the X-ra.y observations 
of platelets 10 A t,hick and 20 to 60 A wide as making 
up most of the charcoal. tivcn though cylindrical 
capillaries have been used for convenience in calcu- 
lating pore diameters from water desorption iso- 
therms, the X-ray results, if they. can bc rt-lied upon, 
certainly would dictate the use of caution in formu- 
lating any such picture of t,hc charcoal structure. 

Young also calculated t#hat, if all of the capillary 
space consists of rectangular parallelcpiped cspil- 
lariex with parallel walls, the! distance bctwr:c!n t,he 

w~~lls worm, on an average, have t,o be 1.0.4 A fol 
CWSN 19, in order to at:count, for t,ho observed arc:l 
and pore volume. Such a picture would be entirely 
consistent with the X-ray data. As :1 rnatt<er of f’acL, 
it. was found that, on one partic111ar sn,mple of 
National (*harcoal, the appwen t arc:1 dropped from 
2,040 sq m pw g t,o 1,670 sq m per g as t,he sample 
was heal trc:atjcd up t#o 1100 C. During t,hia heat- 
trrtat,ing the L,‘ dimension of the disks or plat,elets 
increased from 20 to 63 A in size. It is entirely 
reasonable on :* plat,elet, structure to &air1 such 
particle growth with comparetivcly little change in 
tiurface area. It would be much more difficult, to 
explain if the charcoal consisted of a honeyc*omb 
structure of cylindrical capillaricx. 

1.14.~ Chemical Behavior of Charcoal 

It is well known t,hat standard charcoals can ~111 hc 
converted by propor chemical treatment into corn- 
pounds that appear to have u c:cmt,ral nucleus of 
carbon a,toms arranged much as though they were 
in a plane of graphite:. Thus mellitic: acid has been 
reported 127 to be formed in good yield by controlled 
oxidation with nitric acid. This certainly indicates 
that, much of the carbon is arranged in two dimen- 
sional graphite-like shc:c:ts or platelets and again is 
consistent with the X-ray pictBurc of the structure 
of r,liurcoals. 

6.14.6 Expansion of Charcoals During 
Adsorption 

At lo& two different obs(%rv(?rs d0, 128 havr: noted 
that when charcoal picks up water vapor it expands. 
This has been construed as evidence against capillary 
con&onsat,ion and in favor of an adsorption inter- 
pretution of the wat,er vapor picked up by charcoal. 
It should bc notntl, as pointed out by Kummer, that 
it, is much easier to imagine t’he expansion of charcoals 
if they a,re mada up of platelets capable of being 
pried apart to some extent by entering water mole- 
cules in much the same way that various moloaulos 
can pr.y apart, the plance of monotmorillonitt: and 
certain other clays. If the pore structure consists of a 
honeycomb of cylinders the possibility of expansion 
scc?ms much more lirnitc!d. 

6.1 A,.? ‘JYrue Density of Carbon in Charcoal 

The t,ru(: density of carbon in graphite is about, 
2.25 g per cu cm as dctcrmined both from X-ray 
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work mtl from actual density rm’asurements. Tf the 
c dimension in charcoal is as large: as 7.5 A as indi- 
cated by the X-ray work, and thr: (1. dimension is 
substantially the same ati for graphite, it, would 
seem to follow that, the apparent density of t,hc 
carbon in charcoal cannel be as high as 2.25 g per 
cu cm since: the c clistancc for graphit#e is only 6.7 A. 
On the basis of the X-ray mrusurement~s the density 
should b(: somewhere hnt>wccn 2.0 and 2. I g per cu 
cm. Carbon densities determined, 11;~ helium have 
been reported over the: entire range from 1.77 to 
2.36 g per PII cm for various charcoals; a large: number 
of the apparent densities :~re in the range 1.9~5 to 
2.15 g per CII cm. Accordingly, it, may b(: said that the 
density values of the carbon in charcoals are also 
consistent with the: X-ray data. It, should be noted 
in t,his connection that, an intorplanar distance: of 
7.5/2 that, one would deduce from the: c dimension is 
probably too smell to permit the entrance of h&urn 
atoms between planes during tlcnsity measurerncnts. 
Hence, t,he helium density dctcrminations would 
really yield values for Ihe density of Ihe platelets. 

6.1de.X d&Icrd Conclusion as to %ucture 

As stated in the introduction to this section, it is 
not possible to speak with certainty as regards the 
structure of charaoal. When all of the evidence listed 
above is taken :.M a whole, howcvcr, it seems to speak 
in favor of capillaries of rectangular cross s&ion for 
t,he most part, rather than cylindrical capillaries. 
Immcdittt~ely, one iti confronted with t,he question as 
to what happens to t,he port diameter c:alculat,ions 
made by Juhola in the event, that the pores are really 
boxlike structures rat,hcr than cylinders. The answer 
is that t,he distmce between parallel walls that WC 
calculates from the Kelvin equation is just, onc+hulf 
as great as the diameter calculat~ed from cylindrical 
capillaries. Accordingly, capillaries which with a cos 
B of I .O appeared to be about, 36 A in diameter, if 
present, ati cylinders, would calculalc to bc 18 A be- 
tween parallel platolots. However, the calculation 
of the distance bct,ween parallel planes from the rela- 
tion of the incrttmcnt of surface area A covered up 
by each increment of volume V is given by the 
equation 

curve would Icat to a value of about, 9 A for the dis- 
t:mcc d. This is too small a size to permit the occur- 
rcncc of what, we might call capillary condells~~i,ion. 
On 1,11c other hand, if one assumes that, I)he charcoal 
is made up of pl:Mcts and accc!pt,s l,hP distanc:t> d as 
18 t,o 20 A the 6urfare area per g of charcoal is (+om- 
putcd as about, 800 xq m per g; this is t,o be compared 
to wt111es ranging from 1,300 to 1,700 sq m p(?r g ob- 
taincd by different, mt:thods of estimating the arca. 
Possibly t)he answer to the dilemrn:r. is to be found by 
:l~;slming that the capillaries are for the most, part 
ret:tangular in cross section and for CWSN 19 about 
I8 to 20 A between platc&:f,s, and that even smaller 
crevices leading ofi t#hc: 20 A openings become covered 
wit,h adsorbed~ wat,c:r only when the larger 20 A 
openings are full. In drsorption, this would mean 
that the vder in tlic: very small cracks and crevices 
would disappear at the: same time: Ihat the water 
was desorbed by capillary condensation from the 
hcmicylindrical surface at, the edge! of the rectangular 
capillary opening. Furthermore, this explanation is 
not, incon&ent with the: value of cl obtained from 
equation (23) becnuso such a calculation is necessarily 
an average for the main WL~Jih,rks and any smaller 
sitL: capillaries that fill and empty a1 the same: time 
that the main 20-A capillaries fill and empt,y. 11; does, 
tiowcv(~r, entail assuming COY 19 = 1, an assumption 
thul does not, scorn very reasonable at relative pres- 
surcs at which wat(?r vapor is only slightly adsorbed. 

Possibly the capillaries art? neither cylinders nor 
rectangular parnllelepipcds, but, some irregular collec- 
tion of openings of odd shapes that will not, permit 
any simple presentation. The fid answer still seems 
obscured. As statsed above, however, if the choice: 
were between cylindrical capillaries and rectangular 
capillaries, the bulk of the evidence would, in the 
writ,c:r’s opinion, favor the lat,tcr. 

6.15 SUMMARY 

(23) 

Hcncc if cos 19 were taken as 0.53, the measurement 
of t,hc: slope of the surface area vs volume of water 

By measuring the adsorption of nitrogen a2t 
- 19.5 C: it is now possible to determine the relative! 
surfacc area of non-porous, finely divided solids or of 
porous solids having large pores, to RIG accuracy of 
about, 5 O/i;, and t,hc absolute arca to an accuracy of 
ahout 25y0. Tho method is also applicable to fine pore 
adsorbents such as charcoal, but for tiuch materials 
it its attended with considerably more: uncertainty 
than for the non-porous or large pore adsorbents. 
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APPLI(:A'IYON OF AREA MEASUREMENTR IN ~'RE:UI~Y- 
ING 'PIIlC P~XFOHMANCE OF '%ARcOALs 

The niLrogc%n adsorption isotherms used in srlrface 
area mc:asurc:mc!r& fan be emploged to obtain an 
approximalc: est,imate of the P8 life of a charcoal and 
t)o give some: indication as t80 the utility of the base 
charcoal for making ASC whetlerite. 

Water vapor is :~tlsorbed only slightly by most, 
charcoals at relative humidities below 50%; at 
higher relative ~~VXRIII~CS, the: adsorption rises rapidly 
and reaches a final saturation v&t? which is about, 
the same as t,hat of othrr vapors when c:alcula~Jctl as 
volume of liquid. Desorption of wa11~ vapor from 
activated charcoals is almost alwayn Hc:c:ornI):lriic:d by 
markctl hyst>eresis, the eyuilibrirm~ pressure for a 
given volume of gas adsorbed b&g mrlch less on tlc- 
sorpLion than on adsorption. Desorption appears Lo 
t<akc! place as though the w&r wrrc hcltl in the: 
capillarins by capillary condensat,ion; aclsorpt#ion of 
water vapor seems best explained as a combination 
of adsorplion :uui capillary condensation. 

PORE 8IZh: ANI) h&T SIXI!: ~~ItiTHIBuTION 

Mrthods for measuring pore size inclrltlc (1) use of 
molecules of increasing size in adsorption stutlics; 
(2) application of the K&in equation to adsorpt,ion 
isotherms of gases other than matter vapor; (3) appli- 
cation of the Kelvin equation to water vapor a& 
sorplion w1ti especially desorption isotherms; 
(4) measnremcnt, of the! relation between t8he residrrnl 
surface area ant1 tlw tlrnount, of wat,(br held in the 
capillaries of a r:liarcoal; sritl (5) measurement of the 
pressure r’eqrlirctl to fort:c: Hg int,o c*apillaries. By a 
combination of (3), (4), :mtl (5), port: size distribu- 
tion curves have been obtained on rnorc: than R 
ti~mdrcd charcoals. 

A nr~cc~ssary prerequisite to a good base: c:h:trc*oal 
for making ASK whetlerites to remove Cli untlc~r 
80-80 text conditions appears to be the possession of 
a m:tcroporc~ volume in excess of abor~t 0.2 cc pm I:(: 
of charcoal granule. Micropores suffice for removal of 
P8 provided enough large cnpillaries are present to 
permit’ gas to cnt>c:r the particle readily. The same 
pore size criteria tlppear to apply to t,he removal of 
CC; tha2t a.pply t,o CK. The pore size requirement,s 
for the removal of SA and AC are less exactly cle- 

tcrmiried <as yet, but are susrrptible to determina- 
Lion by methods nom available. 

PORE SIZE ALTERATION 

By ti suitable combination of steaming, hydro- 
gcnation, or partial oxidation in the presence or 
absence? of impregnation with inorganic materials, 
it is possible to tailor-make charcoals to give any 
clesired dis;tribution of pore sizes. Cr&, I’e&, NiO, 
Mdh! Na&Oa and Cu0 have all bc:c!n studied as 
imprqq~t,irig agents to assist, in port: size alteration. 

The pickup of oxygen at, temperatures up to ,100 C., 
has been stutlictl in relation to its influence on the 
propertios of charcoal. The aclsorption of bafie from 
solution, of ammonia from the gas phase, arid of 
water vapor at low relative pressure are all inarcasctl 
by oxygen treating. Tlic surface complcxcs formotl 
during thr trcatirig can all be removed from charcoal 
as CO nncl CC)2 by evacuation t,o 1200 C: together 
with large quantilics of hydrogen and smaller 
amounts of mater vapor and methane. No correlation 
between the nat,ure of the surface complex and the 
wllc!t,lc:rizabilit~y of a base charc*o:d has been estab- 
lishcd. 

Samples have bcm prcparcd that are coated with 
partial layers of chemically bound nitrogen, chlorine, 
anti sulfur. The influence of thcsc! coa8tings on the 
~vlic:Ll(:rixst~ility or sorptive c:qxwitJy t,owartl poison 
gases h:ls not been measured. 

MOLIWULAK P'I'HU~TURE AND AI~S~I~TI~N 

Adsorption isot,hcrms of &out twenty different, 
gases on CWBN 19 huvc b~(:n ust!d as a basis for 
working out, a theory for prc&ting the adsorption 
isotherm of a gas horn its st,ru&re and physical 
constants. Tt, hs been found possible to predict: 
wh(!ther a given adsorbate will be strongly, weakly, 
or very weakly adsorbed by a charcoal if the surface 
energy of t,hc: liquefied adsorbate, and the polariz- 
&iliLy, arid fundamental frequency of its molecules 
are known Logcthcr with the adsorption isotherm for 
arly known gas on the sample of charcoal t,o be used. 

ADSORPTION OF VAPORS I<Y C:I-I,uwonl, 

l&t:* arc: prc:sc~~tc:tl for the adsorption of PS in the 
presence and al~scnc:c~ of wat,c:r vapor and for the 
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adsorption of p.yritlinc:, piaoline, and carbon tctra- 
chloride. Adsorption volumes at, saturation are 
shown, in >Addition, for phosgene, must,srd gas, amyl 
chloride, mc:th.yl alcohol, benzene, and n-hcxane. 

Heat of immersion values havr: been measured fog 
benznnc: on one charcoal under various conditions; for 
watr!r on a oharcoal before and aftrr treating it with 
oxygcri at 400 C, and for ethyl c:liloridc on a series of 
charcoals. 

The impo&nce of the retentivity of a charcoal for 
a poison gas has been emphasized as a prcrcquisitc 
for gas mask use. Detailed studies have beon made 
on the rctcntivity of a number of vapors ttud WC not 
miscible with water, of some that, are partially mis- 
ciblc, and of several that are complctcly soluble. 
Water vapor on the charcoal or in the gas stream 
used in dcsorption was found to greatly cL:c:rcase the 
retentivity of t,he first, class of vapors, t,o influence t,o 
a smaller rxtent the dosorption of the second class, 
and to have little influence on the tlf?sorption of those 
vapors that, are miscible with wat>c:r vapor. 

On Type A whetlerites H28, I’H,, CNCl, BF3, 
HCl, CJI,, and NC) appear to react, with the CuO 
at room temperat,ure to a depth in cxccss of a mono- 
layer aud hence wcrc not useful for rncasuring the 
particle size of the CuO particles deposited by 
whet,lerizat,ioIl. CO, SOS, H&j, C:,Ns, and NT-T3 all 
give promise of hcing useful for such measurements. 
On several typical whetlerites t,hc average size of the 
CtxO crystals sppcrtrecl to be about, 100 A. 

G~I~~U~~~IJRE OF CHARC:OAL 

It has not been possible to rlccide definitely as to 
the structure of the charcoal. Many pore size mcas- 
urements have been made on the assumption that Ihe 
pores are cylindrical capillaries. This: is almost, cer- 
tainly a11 over-simplification. Many of t,hc properties 
of charcoals seem best, explained by assuming that, 
the charcoal is ma,de up of sheets of carbon atoms 
only :-L f(:w atoms thick, the pores having plain walls 
and being so crisscross4 as to provide sufficient 
stSrt:ngth for the particles. In. any cast, it is cert,ain 
that, :I, good gas mask chsr*coul must include a net- 
work of large and small pores; the large ports permit, 
reutly access to the moloculcs being adsorbed; t,he 
small pores provitio the large surfanc: weft that, is 
osscntinl for removing gases by adsorption. 



Chapter 7 

MECHANISM OF CHEMICAL REMOVAL OF GASES 

By J. Willicm Zatmr 

7.1 PUKPOSII: AND SCOPE OF THE 
INV IXS’I’TGATIONS 

D Wlil NC: the past four years a considerable n~mount~ 
of t,ime and eff art has l~ccn expended in studies 

of the mechanism of chemical rctcntion or destruction 
of the various types of chcrnic:al warfare agents on 
lease or impregnated charcoals. ‘1‘11~ reseaich was 
undo&ken in t,he hopr t#hat a l)c:tt,c:r understanding 
of the mechanisms might lrad to such advances as 
t,lic following. 

I. Idea,s for new impregnants, which by virtue of 
stoichiomctric or catalytic &ion, would incrcnso t,he 
protection uffortlcti by gas mask al,sorbcnt,s for each 
type of gas. 

2. Cllrles to the: rnc:c:ha,nism of deterioration of im- 
prt?gnat,ed charcoals now in use and to possible 
rnothotls of reduction or elimination of such deleteri- 
ous aging. 

3. Information to guide thr xcarcli for new wal 
gxsc?s toward types which would most readily pene- 
t,ratc rncmy gas masks. 

4. Suggestions Eor gaseous agenls wliic:li might, be 
employed t,act,ically as catalyst poisons - that is, 
agents drnignc~ti to reduce the protection uffortlctl by 
enemy gas masks against standard war gases to such 
:L point that the enemy would 1~: rendered vulnerable 
LO subsequent gas attaCk; and, conversely, to dis- 
cover and eliminate such vulncxxbility in the gas 
rnasks of our Armed Forces. 

Among the referencrs used in tlhc: compilation of 
this chapter are many repor1.s of studicn which were 
originally directed toward object,ives other t,han the 
discovery of the mechanism of ret,enlion of t>hc: gasca. 
Even from these, however, xnrne information pc’rt>i- 
nent to this subject may be gleaned. 

Considerable knowledge of the mechuninrns for 
removal of the more common gases had been a(:(:umu- 

lated prior t>o 1940 by the Chemic*al Warfare Srrvicc 

and by inticpcxltlent~ workers. M ur:h of the: work, or 
similar investigations, leading t,o this knowledge was 
purposefully rc:pc:at~c:d in orcler to ascertain whethe 
the more recently dcvclopcd charcoals and whetler- 
ites behave similarly. Bccausc: t,his chapter does not, 
represent a cllronologic:al treatment, of t,he subject, 
only the more recent evidenecx arc g-ivcn in C:IF~~ of 
duplica~tion. 

It, is obvious from consideration of the! purpose: of 
these investigations t8hat, a complr!tc knowledge of t,he 
mechanisms, including all minor side reactions, is 
unnecessary; and underst,anding of only the: principal 
roactione should suffice in most, ir&unccs. For this 
reason, as well as for lack of the and because of the 
comparative importance of other methods of ap- 
proach to the: gcnoral problems at, hand, the con- 
clusions to be drawn arc fragmentary and in some 
cases only t,entative, pending tlic rc>sultJn of furtlic~l 
invest,igation. 

7.2 CT,ASSIFICA.TION OF A(: ISNTS 

Tlic:rt\ arc many crit<eria upon which 10 batit: Ihc: 
clansific*at,ion of agents. For t,he purposes of this dis- 
cussion it, is most convcxiient~ to classify them pri- 
marily according Lo l,licGr chemical propert,ies. In 
gfmeral , such a classification system riatural1.y 
separates the mechanisms into gcncrsl typos as well. 

On this basis the agents are consitl~~rt~tl in t,hc: fol- 
lowing order: 

I . Gases retained primarily by physical adsorp- 
lion. 

2. Acidic: or acitl-forming gases. 
3. Basic or bssn-forming gases. 
4. K.c!adily oxidizable gases. 
5. Bcudily rcrluniblc gases. 
Ax in my ~lawificution system, there is some over- 

lapping of Lypos; some: atgcnts exhibit propc?rtirs 
c:liarac:tcrist,ic: of t,wo or t,lirt:c! of tht! cla,sses. 
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7.2.1 (Gases Rctaincd I’rimarily by I’hysical 

Ad sorp tiorl 
C~IILOROIWRIN 

II has always been assr~med t,hat; chloropjcrin 
(trirhlnroni trnmethane; U&NO,; PS) is physically 
adsorbed. A large volume of work has been done on 
the nature of this adsorption, its dependence on 
numerous variables, and its reversibility. Only a few 
of t,he experimM8 and conclusions supporting t>he 
aSsUmpt,iOn Of physic&l Mh~p~~iO~l ~lc?fX~ be ClUOb~ iI 

this section; the bulk of the research is beyontl t,hc 
scope of this discussion. 

Nature of t/w Product Lks~rbert.~ E&SC c:l~~:oals and 
whct,lcrit,cs VVCI’C ljroughtj half way to t,hc break point 
in standard tube L&s with oliloropicrin, and de- 
sorption was offcctctl by passing dry air through the 
::~tjsorbc:nt~ I~c:tl at, 25, 35, 50, aid 95 to 100 C!. The 
Ijoiling point,, freezing point,, and index of refraction 
of 1 hc dexnrbed gas were determined, alcohol solu- 
Cons of the desorbed gas were analyzed polaro- 
~~rapliically, and chloride analyses were made of the h 
pyrolytic products of the gas. All analyses inclicate!tl 
that chloropicrin was at, least, the chief, if not, the 
only, subst,ance tlesorbcd from either type of ad- 
sorbent. 

l?‘[)‘ect oj JzTumZity ~j the Cns Mi:~:tmre.~~ 3 Studios of 
efiluent, concentratJion versus t<ime curves antI of the 
weight-gains of thy charcoal t,cst,od wit,11 chloro- 
picr&& mixt,urc!s at, 0% and 5O’i’;i 1tH showed t,l&, 
within exprrimc?nt,al error, the results of citllcr t,ypc 

TARI 1. &rnp:u5sorl of stnndatd PS tube liven of 
12-10 mesh baso chnrcoals rind Type ASC whetlerites. 

-.-I.- *.. __---.--- ..-. .-... .----_ 

Service time (rnin) 
n:lse cllalwMls Whctlcritcs _ .__ ---... -~- -.--- _. 

39 34 
60 45 
56, 51 
64 57 -...-...-.,_.,, ^., 

of test were indcpcndcnt of humidity. Though no 
attempt was made to ascertain the fraction of the 
gain in weight due to water adsorption, it, is safe to 
assume on the basis of other experimental data that 
little or no water was adsorbed. Thus, at least during 
the course of dynamic tests, it is probable that, hy- 
drolysis plays a negligible role in the retention of 
chloropicrin. Water or&ally atlsorbctl by the char- 
coal does effect, adsorption of PS or other gases lay 
rendering part of the charcoal surface irracccssiblc. 

reference 2, 2 quot;ed is only uric of many in which 
chloropicrin lives of base charcoals and whctlerites 
are compHrc:tl. Typical perforrnancc data extracted 
from this rcfcrence and summarized in Table 1 show 
that, t,lic normal effect, of whctlcrixation is to reduce: 
slightly t,lic amount of PS adsorl~cd. 

0c:c:asionally a sample is found in which the lift of 
the whetlerite is slightly lorq-r:r than that, of thr: louse 

charcoal. Such infrequent, phenomena are best; ex- 
plained either on tllc basis nf additional activation 
during the drying of t,lic wlietlerit,e, or change of 
mesh size due t,o at,trilion during the whet,lcrization 
process. Tn gencrul, however, t,he reduction of PS 
service t,imc:s lay impregnat,ion intlicatcs that, the 
impregnant occupies space on the aclsorbentJ, or in 
some other way rnakcs this adsorption #pace inac- 
cessible to chloropicrin. It further indicates that, 
during the course of dynamic test,s 110 bcneficia.1 re- 
action t>skcs place bet,ween chloropicrin and the: 
impregnant,. 

MIJXTARD GAS 

By virtue of their low volutilities and high molecu- 
lar weights persistent agc?rrt,s arc adsorbed tenaciously 
by dry charcoals and whctlnril;es. As a consequence 
the protection of t,he respiratory tract against such 
agents does not present a problem and little work has 
been clone to tletcrminc whether chemical reaction 
plays any appreciable role in the retention. 

One series of cxpcrirncnts s on t,he performance of 
the Ml0 canist,or against H- ,mustard gas, 2,2’- 
tlichlorotlic:t,l-lyl sulfide; (CICITaCTTz)?S-under humid 
tropical conditions is of inter&,. Canisters filled with 
hrrmidified Type A and Tyl~c: AS whetlerites were 
&ted at 50 lpm against, H at 40 to 50 C. Even 
under these extreme conditions the protection 
afforded is more than amplo. Examination of the 
weight changes during the texts offers the most inter- 
esting and corrclusivc evidence that, t>hc adsorption 
is primarily physical in nature. In all t,ests, the weight, 
of H adsorbed c:xt:ccdcd the weight, gain; indeed, in 
some of the experiments the carrint,orH lost weighl; 
while adsorbing as much as 3% g of H. Because: it, is 
improbable that any volatile decomposition produ& 
ot,lror than I-ICI would be formed and since HCl 
would ~JC retained by the adsorbed water and the 
impregnants, these observations are best, explained 
on the premise t#liat H, b&g much more strongly 
adsorbed t,han water, displaces the latt,er from t,hc 
adsorbent. 

Some hydrolysis of H untloublcdly takes placr? on 
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the adsorbent, but, the evitlrncc? for t,hc: tlisplut:r:ment~ 
of water b.y must,artl gas suggr:st,s that physical 
aflsorpt,ifm is of prime imporLmc:e in dynamic test>s. 

Similar results and conclusions (i have been 
obt,ainptl with HN-3-tris fi-c:hloroet,hyl amine, 
(C:lC:H2CIH&N. 

Many other gases which are held by physical ad- 
sorpt,ion have been studied during tJhc past, t,wo 
decades. In general, however, except for carbon 
monoxide, these gases have littIle or no promise as 
toxic agents; those which are toxic arc nonvolut~ile 
and are well adsorb4 by charcoal. 

7.2.2 Acidic or Acid Forming Gases 

The majority of the nonpersistent, gases fall in this 
classification. The three standard agents, phosgene, 
hydrogen cyanide, and cyanogen chloride, are ex- 
amples of this type as well as the many fluorides upon 
which considerable time and energy were c?xpc”ntleti in 
search for new agents during the early part of World 
War II. Ot,hc~r g:bsc:s wllicb huvt: been investigated to 
a moderato &cnt, mfl which arc mombrrs of this 
group are nit,rogc?n tliositlc, liytlrogcn sulficlc~, n1ilfur 
dioxiflo, and tlic ha,logcn acids. 

Ncc~llcss lo say, tllc l:trgPst bulk of research in the 
ficltl of traction m&anism has been directed at, the 
probl~mr;: arising from consideratJion of’ the more im- 
port:~nI ugcntts of this grorq. An effort, is made, 
t,berefore, t,o summarize the esperimt:ntn,l evitlcnc~c~ 
and conclusions with rcfcrcncc t)o s~i*llmwy rftporls 

The main fcaturcfi of 
bony1 chloride; CCK12) 
long 1~1:~n kn~wn.~ ‘1’liP f:onc:lusions from early tJrrbe 
test,s with uriirn~)rc:gri:I,t,r~cl c:li:trr:o:tl are briefly sum- 
m:.l,rizc:tl :ts follows. 

1. In contact with charcoal, phosgene is hytiro- 
lyzed by moist,ure in the air or irl thf: f:hrco:~d ; hy- 

drochloric acid and carbon dioxide result. 
2. Whichever sllbstance (phosgeno or w:.tt,c:r) is 

present, in deficient amount8s is complf:lc:ly 1iscd up. 
3. For dry charcoal anti dry gal< mixturc:s t#llc 

phoagene is held by physical stlnorption. 
4. If water is present, in tlfdicifxit, amount, hydro- 

chloric acid will penetrate t>he charco:~l hc:forr phos- 
gene since hydrochloric acid is less tcn:.G~usly ad- 
sorbed t>han is phosgenc. 

5. Tf mater is present, in cxccss, pbosgene will 

penet,rate t,he charcoal before the hydrochloric acid 
because hydrochloric: acid is very soluble in the excess 
atlsorb(:d wat,cr while phongene, being relatively in- 
soluble, must. bo rc%ained principally by adsorption 
on the: tiurfacr: of t,lie charcoal. 

6. The: scrvicc times of deep layers of’ charcoal arch 

considcrahly longer in the presence of excess mois- 
ture (either in the gas mi.xture or in the charcoal) 
than in absence of excess moisture, by virtue of the 
increased capacity of t,he charcoal for TIC1 at, high 
humidities. 

7. The carbon dioxide formctl by the hydrolysis of 
phosgene appears in the effluc?nt, &roam short,ly after 
the start of the t,est under any set of conditions. 
Large excess of water may delay the appearance 
slight,ly, but in any case most, of the carbon dioxitlc 
appears event,ually in the cmcrgent, gas. 

These conclusions have been verified by moor 
recent, tests.” The results indicate that, the! phosgene, 
under dry conditinns, is held principally hy physical 
adsorplion. 

C*W12 = C*OC:lz(Atisorbc?tl), (1) 
C~*C)Clz(Adso~bcd) + O(Srldace) = CY& + 2C1 

(Adsorbed), (2) 
2C:l(Adsorbcd) + C: + C)(Surfac:e) = (:OCl~ . (3) 

StJutlies o with radioactive carbon :* as a tracer 
suggested the possibilit’y that, reactions (2), and (3) 
might, take place to a minor extent, f’ollowing re- 
action (1) m thy f:linrf:o:~tl. Thk nf:rif:s of rc~kf:t,ifmn 

seemed necessary to explain t,he prcmncc~ of CO2 in 
t,he emergent stream in excess of Lh(: amount ex- 
pected from react,ion with the small amount of 
water available. Verification with thoroughly clricd 
charcoal and gas streams is necessary. In any case, 
however, these reactions are of litJtle int)ereat in tJhe 
overall mechanism inasmuch as t,hey play a negli- 
gible role in t>he usual circumstances when. some 
wat,c?r is prc:sc!ntJ; the? principal reaction must then be 
~iytlrol~ysis: 

c;C)( 112 + HZ(:) = CO, + 2HC:l. (4) 
On whct,lcrit,c:s this reaction is follow~~d by neutral- 

ization of t,hc\ H(.:l 

C:uO + 2HC:l = H& + CuCls, (5) 

and regenerat#ion of the wat,er. Thus in ~11~ prcscncc 
of deficient anio~nt~s of water t,hc lifch Lo t,lic: pen+ 
t,rattion of HCl is c:onsidcrably Icngt,hc~nc:tl I)y whl,- 

lerizat,ion. 

* R.ndiomAive carbon ntoms are indicnterl by n,n nst,crisk. 
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The observation y of considerable C*OZ in t>he 
effluent gas in Lcsts with relatively dry whc:LlcriLe and 
gas may 1~: explained on the baa& of reactions (2) 
:md (3) or by the chain sot, up in (4) and (5) o1 
possibly by direct, reaction wit811 the copper oxide : 

cut) + c*oc:12 = c*os + CWI?. (a 
This reaction is also probably of little significance in 
the usual circumstances. 

Thus the catalylic hydrolysis [equat,ion (4)] fol- 
lowed by neutralization [equation (5)], or by SO~U- 
tion of the HCI in adsorbed water, probably represent, 
the overall mcchanistn adequately. Other basic con- 
stituents of Lhe impregnnnt, may enter into reactions 
similar to equation (5) as well. 

The rat{’ !‘, lo of removal of phongcne from the gas I , 
stream decreases wit,h increasing moisture cont,c:nt 
of the whctlerite while t,hc capacity of the adsorbent 
for the products increases. This is illustrated in the 
life vs thickness plots in P’igurr: I for a Type AS 
whetleritc prepared from an oxt,ruded, zinc chlorido- 

EQUILIBRATED AT 80% RH 

120 
GAS STREAM-60%RH, 
WHETLERITE -DRY 

+ GAS STREAM- 50% RH, 
WHETLERITE - DRY 

20 

0 
I 2 3 4 s 6 

DEPTH OF LAYER (CM) 

PICURE 1. Effect of bed depth on tube life. 

activated wood charcoal. This effect, on the rate of 
removal of phosgene, together with ot,her evidence, 
suggests that, thr: reaction mechanism discussed 
above must, be prc!acdcd by physical adsorption. 
This suggestion is d~duccd from t,hc fact that the 
rat,c of physical adsorption must, be a function of t,hc 
ncccssible adsorptive surface area and conseyucntly 
should decrease as the? moisture content of the ad- 

sorbont, increases; on the other hand, the rate of 
hydrolysis should be a function of the amount, of 
acccxsible water and should increase wiLh increasing 
moistlure content,. The extent of this effect depends 
to a large degree: on the pore size tlist,ribution of the 
adsorbent, as discussed in Chapter 6. 

The CC: capacity of dry whotlorites increases with 
decreasing Lcmperature; 0 at the same time the 
critical I-d tlcpth first incrcascs, probably because: of 
changes in the diffusive propcrticx of the gas, and 
then decrcascs as the rata of rise of capacity in- 
crcascs. This is typical of systems in which roversible 
adsorpLion is the predominating process. The ca- 
p:lc:ity of whet,lerites having a high moisture content, 
remains essentially unc:hungecl with tlccrcasing tem- 
perature 95 1% until :Ipproxin~ately - 20 C: is reached; 
a2t this point, t,hc capacit,y of most samples studied 
drops sharply. This may indicate a change in physi- 
cal &ate of the adsorbed water and consequent 
t,ransition t,o a mechanism of primarily physical ad- 
sorption. The critical bed depth increases at first 
partially t,c:c:ause of the decrease: in temperature and 
hccauso of a reduction in the rate of hydrolysis. 
Below -20 C there is indication of a rise in rate of 
adsorption as in the case of dry adsorbents. 

The experiments to dctcrmine the effects of tem- 
perature are only cursory in nature and ase quoted 
only t,o complete the picture and to show that by 
reasonable speculat,ion they may IX: qualitatively 
interpreted on Dhe basis of the proposnd mechanism. 

The copper content of a whetlerite is in the range of 
5 to 8 ‘7” on a weight basis and the apparent density is 
approximately 0.5 g per ml ; thus the copper content 
may 1,~ cxprcssed as 0.025 to 0.040 g per ml. In tests 
of whetlerites as received with 507, RH CG-air 
mixtures, the capacities of the adsorbents expressed 
in millimoles of CC: lie in the range of 0.8 to 0.9 
millimole per ml. Similar tests with base charcoals 
indicate that excess of the observed range of capaci- 
ties of whetlerites over the range calculated from the 
copper content, and the proposed mechanism, repre- 
se& a reasonable capacity for the charcoal base. 
The critical layers for the whctlerites under these 
conditions lie in the range of 0.5 to 1.5 cm at a 
linear flow rate of 500 cm per min and are nearly 
independent of flow rate over the rargc of 250 to 

1,000 cm per min. 
For whetlerites or base charcoals cyuilibrated at, 

SOY0 RH, the capacities arc in the range of 1.5 to 2.5 
millimoles per ml and the critical layers in the range 
of 1.0 t,o 2.3 cm at a flow rate of 500 cm per min. 
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Preliminary t&s la with rnorlofliuorophosgc:nc 
(COCll~‘) are compatible wit,h the rnwhaninrn -tiis- 
cussed above. The prot)ection affordc:d by dry what,- 
lerites against, dry gas mixtures is lrss for C.:OC11 F 
than for CKK& This would be predicted on the 
basis of the cffcc1, of rwlucetl molecular weight and 
inwcasctl vapor prtwurr on physical adsorption. 
‘1‘~1~: prot,c:c.t,ion afTortJed in moist systems, on the 
ot,hc:r hand, k grt::l,tc:r against COClF t,hen against 
c:oc:12 prcslm~d~ly h:HllM(: of t,he greater ease of 
hydrolysin of COCIF. 

None of the acids TIF, IICl or H2S arc of intcrcst, :LH 
war gases, hut, studies of protect~ion aff ortlcd against 
t,hrsc gasw and of the mechanism ol the retention 
Icncl insight, to the expected behavior of new ugrnt,s 
of this general classificatJion. 

Lifr: & t,hicknc:ss studies I4 wit,11 dry Type A wlmt- 
lwitc: and dry H lkir mixtures delYI~JIl~t~I~~~ted that 

at 25 C: and an inflwnt, concentration of 1.5 mg per 1, 
t,he capacity of the wlwtloritc: was I .75 millimoles pi3 
ml of’ adsorbent while Ihc critical bed depth was I .2 
cm; at, 40 C and an infhlont concentration of I .fj5 mg 
per 1, the cspncity was redrlcecl t)o 1.16 rnillimolcs pc:r 
ml \vhile the crit>ical bed depth remained u~~:h~~qq:d. 
The fact, that, part of the IIF is 11~1~1 hy physical ad- 
sorption is shown by the redrmtion in aupat:itJy with 
increase in temperat,ure and by d~~~orption trials. 
Nwwthclws, the? amount,s of IIF retjained by S-cm 
layers of dry wlic:tl(*rit,n t,nlren to t,he break point, 
mere found t#o be indcpcndcnt, of the influent, conceIi- 
t,ration over the rangch from 0.4 to 2.2 mg per 1 at, 
25 C; base charcoal on t,lw otlwr hand not, only shows 
a smnller wtention under these conditions, but) also a 
rotcmtion which increases wit,h increasing influent 
c:oncnnt,rRt,ion. These observations may ~JO considered 
as good evidence for t,he predominnnw of 21 c*hc:mical 
reaction, prnsumably 

c:uo + 2HlI‘ = Cull', + T1.J). (7) 
‘1’11~ cqualit,y of critical layers for the wlict,lerite at, 
these f,wo tcmpc,r:at,l~rc~s is an intli&ion that, re- 

uclion (7) is probably preceded by adsorptJion and 
that, adsorption may be the: rat{>-govwning stq). On 

t,he basis of equation (7) and approsimat,c: caIwl:l- 
tions such as were mlwlc in t,hc sc:c:t,ion dealing with 

phosgene, the capat:it,y tlw to chemkd reaction 
should lie in the rnngc: of 0.8. t,o I .3 millimolw per ml 
as compared with t,ll(: ol~st:rvc:tl c:apac:it,y of I .A5 
millimoles per ml. 

The presence of m~Jistllw increases the tube lives ol" 

&l-w whPtleritJ(~ or base churro:~l snvwal fold, indi- 
cating addit~ional rc?tc?ntion by ,colrlt,ion of TTTP in t,he 
adsort,c:tl water. 

If dry or moist, :Idsorbent,s are cxpost~~l to or be- 
yond the HF brctak point in a tube test and an ail 
stream is subsequently pawed t,hrorrgli t,lw t&c?, 
some of the HF will tlworb. Ih The desorpt,ion from 
base charcoal is mnc:h greater than from Typo A 
whet,lerite. If the dworption curves I6 arc r:stJrap(.,- 
lated to the point where tllcl concentration becornc:s 
essentially zero, a rough c&mate may be made of 
the: amountJs of T-IV ret,ained c:hc:micndly. Estimates 
rnsdc in two trials with dry T.ypc A whet,lerite were 
0.7 anti I. I millimoles per ml; th(: firsit estimate may 
he low sirrw tlw twt, was carried only t>o the break 

and insuficicnt time was given to pc’rmit retlist8ribu- 
I.ion of the: slight, excess of adsorbed gas in t)lie 
inflwntJ lnyers to t,he ellluent. la.yYc:rs so that, react,ion 
(7) could proccwd to complete utiliz:Ltion of the Cu(.) 

or of the HF. Though these estirnat,c:s :w(: only 
approximat,e, Ihc fact, that Uiey fall in 111~: rangcl of 
capacit,ies predicted for this mechn8nism constitlltw 
addit,ional sribst,:tnti:itiorl. A similar clesorpt,ion CY- 
periment> wit,h base ~~MWKL~ was not, condr~ct,ed OVCI 
:L sufl?cic~ntly long period to permit, an extrapolatory 
estimate of the retent,ivity, IJut, it, is cert8ain from the 
&a, that t,he retent,ivity would be less t,han that Oc 

the whetleritJe by a largr factor. 
When I g (approximately 2 ml) of thoroughly dried 

wlic:tJlcrit,c: was exposed l-o 21.6 ml (STP), or zip- 

proximately 1 rnillimol~~ of TTCl gas, t,lw gas was 
completely and irrwwsibly nciaorbed.l~~W:~,t,c:~~ c:quiv:l,- 

lent to 70’:;, of thr: H(:l was removable. This rrsult~ 
is compatible wit,h the proposition of equ:ttJion (5) as 
the: principal mechanism for removal of TIC1 by 
whetlerites in the absenw of watrr. The predicted 
irravwaible capacity is 0.8 Lo 1.3 millimoles of ITCl 
per ml of whet,lerite. 

C!anistc:r t&s with TIC1 I7 are likwvisc compatible 
with this rnwhanism. MTXA 1 canisters t,c:stc:cl to tlw 
break point failed to evolve any IICl diiring A lir of 
subsequent passage of air. At the break point thr gas 
input was less than tJhc: c:npncit,y cornpr~tod on tllc 
hasis of chemical reaction. 

Hydrogen sulfide behaves in :L manner similar to 
hydrochloric acid when brought, in contact with 
thoroughly dried whct,lcrito.‘” hen at, - 78 C the 

H$ reacts within a few minut,c:s with all the CuC) 
prwont, in the whet,lerite to form Hz(_) and CuS. 
Tube tests of whetlerite in compwison with I,:lsc: 
c:l~arc:o~tl I8 suhstant~int~e this chemiwl ~w~iovxl. 
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By virt<uc: of its osidizing propert&, NO, might, be 
olassifietI a,s a readily wducible gas. However, a study 
of its b&vior in conl,art with charcoal or whc:t,lerite 
leads r:tt,ller to classificatlion as one of t,he more w 
less unique members of t#he acidic: group. 

No data have bocn obtnirwtl in systems entirely 
free of water. 8inw such cirnumst.ances aw nrver met, 
in :~,c:tual practice this lack of information is of littlc 
conwrn except, for t,he light, which might he shed on 
the mc:c:hanism of removal of NO, by studies of its 
behavior undw these conditions. 

In Lllbe an(1 canister twLs ly* %” in t>llc presenoc of 
some rnoisturt: charcoal:: and mhetlwit,cs expowtl to 
NOz are penetrated first, l)y NO. In general, the 
grr:aLcr the amount of moisture prcnent, the more 
rapidly N( 1 forms and penetrates the adsorbent. 
Charcoals and whet~lrrites equililm~ted at, 50 Lo Ml %, 
RI1 transmit1 NC) immediately when exposctl Lo NO,. 

NO2 is rctluced t<o NO on t,he surface of othw solids 
such as silica gel ant1 soda lime, which arc: not re- 
tl~~ing agr~ils. Watw is the only sr~bstancc: present, 
capabln of accounting for the: reduc%iori. It was;, 
therefort:, concluc lctl that, the reaction 

3N0, + 1120 = 2IINOa + NO (8) 

is catalyzed by these 8urf:ws at room t c:rnperat~urr:s; 
whcri uncatnl,yzr:d t,his rc:wtion is unimportl:tnt~ corn- 
pared wit,11 th(! wartion 

2NChj It: H20 = IINOa + HN& (9) 

That, wut)er is i~~volved in tllc: removal of NO, is also 
shown by t>hc: observation that the time before pene- 
tration of NC& increases wit,h incrcusing moisture 
conlent, while the timt: Lo penet~ration of dangerous 
dosages of NO dewcases. NO must result, mainly 
from dire& reaction with water awl not, from d(:- 
composit’ion of HNO, inasmuch as the prodrrct~ion of 
NO takes plncc! on soda lime: :.md whetlcrite whew no 
apprwiable quantities of HN02 may exist in the cwly 
st,:Lgw of the tc:sL becnuso of reaction wit,h the Iwes 
prt:sent#. 

That reaction (8j is precetlotl l)y activat’ed stl- 
sorption is auggestc:tf by tho twcessmy cat#alytir: 
uat,ure of Llie reaction as well as by t,lie ohservntion 
Lhat NO is prodwed less rapidly on soda lime: 
than on &arcoal . 

lteaations (8) and (9) followed by solution or 
neutralization of the HNOr and HN(& s&ice to ex- 
plain tlw mat#wial balance! of influwt and effluent 
gases observed over fairly long periods of time. After 

extended periods of time:, however, tllrce times the: 
NO concent~raf,ion in efflucnl gas plus t,llc penetrat,ing 
concentration of NO2 lwoomes grcatcr than t,hc: 
influent, NOz concentration. This may be duo Lo 
react>ion betrween t,hc: HNO, and the charcoal, re- 
sulting in the formation of oithcr NO or NO?, or 
I)otJl ; 

lHN& + 3C = 1NC) + 3C102 + 2H20. (10) 

-MN& + C: = 4NOr + CO2 4 2HzC). (11) 

When moist, whetlerite is tested with NO immedi- 
at,e penetration of a relatively high concentration of 
NO is obscrvcd; but, after continued exposure NO2 is 
likewise: found in the cmcrgent gas; ttlc service time 
to the pcnctration of NO2 increases with increasing 
moisture content, of the adsorbent. Numerous re- 
actions c:dd be postulated to acoo~mt for thcsc ob- 
swvations, but it, swrns most likely that thr: rnecha- 
r&m consis& primarily of the adsorption and c*:lt:tlyt,ic 
oxidation of the NO: 

NO + C)(Surfact:) = NOt, (12) 

and that the effect, of moisture is to relain the NC)2 by 
reactions (8) and (9) as well as to reduce the rate of 
(I 2) by reducing Lhe accessible adsorptive smrfacc: 
nrw. 

While many side reactions are conaeivablc and 
may play minor rolfq the overall mechanism of 
adsorptlion followed by rc:ac:Lions (8), (9), (lo), (1 I), 
and (12) is atlccluate to explain the obacrvations On 
the removal of NO, by charcoals and whctlerites in 
dynamic systems. 

Only a fwv experiments have been performctl with 
SO, and ttirse are too few to permit speculation as to 
the twwt nature of the chemical rcmnval. In tlw 
absencr: of sufficient, data on the mechanism of rc- 
action, SO2 is mcrcly mentioned because of the 
additional evidenw it affords for the aonclrwion that, 
in general, the first, step in the mcahanism of removal 
of gases is t,tiat, of physical adsorption. 

At 25 C the SO, tube twt lives of Type: A m-het- 
lerite, corisitlcrecl as a function of humidity, display 
a maximum at intermediat,c humidities. The initial 
increase in life with incrcwing humidity is in the range 
where t,llc adsorbed moisture has little or no effect on 
the rntc of physical adsorption. Such behavior indi- 
cates t,hat the mechanism &finitely involves solutiorl 
of the SC)2 in water adsorb4 during the exposure or 
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chemical reactions in which water plays an important 
role. The subsequent fall in lift with increase in 
humidity is in t,he range in which water renders a 
considcrablc fraction of the xurfucc: inaccessible t,o 
the SO, and, therefore, xuggcsts that adsorption is 
the initial step and a limiting process in the mech- 
anism. 

At, intarmndiate humidities the amounl of SC& rc- 
movatl at, the: break point decreases with increasing 
concentration. Recause t,lie capacity, rcgsrtlloss of 
t,hc: mc:chanixrn, must either remain constant or in- 
crcasc as t,hc: influent, concentration is increased, this 
is considered as ovidcncc that even under these con- 
ditions the rate: of removal is a limiting factor in 
determining the scrvicc time. At higher humidities, 
the rate of removal should bc:c:ome more dominant, 
as the limiting process. 

While the few tests with SO2 do not, pc:rmit, an un- 
ambiguous conclusion as t,o thr! mechanism, they are 
most readily inlerprctablt: on the basis of the assump- 
tion that the first slep in t,hc removal is physical 
adsorption, followed by chemical reaction and solu- 
tion of SO, in the water condensed in the ports. 

Reaction of SOx with the CuO, et cctcra, of the 
impregnant, in the absence of moisture may or may 
not, occur. 1’rcliminar.y investigation If showed that 
such rear:Lion may bn scnsit,ivc to small amounts of 
alkali. 

FLUORIDES 

A considerable research program has been con- 
ducted in scar& for now toxic agents among the 
compounds contjaining fluorine. One of these, COCYF, 
has already been mentioned in this chapt,er. Because 
of their lower boiling points rend molecular weights 
such compounds are less readily adsorbed physically 
than the corresponding chlorine derivatives. Ncvcr- 
t,heless, most, of the toxic fluorides arc rcutlily hy- 
drolyzed or decomposed in contact, with charcoal 
and hence under normal conditions the protection 
affordod by gas mask canisters containing moist 
charcoals or whet,lerites is adequate. 

Phosph,orus Trifluoride (I’F,). In tube tests Yz in 
the absence of rnoisturc, t,hc: total input of PF:< to 
the break points of Typo A whctloritcs was found to 
be independent of the influcnt concentration over the 
range of 0.5 to 13.4 mg per 1. The tube lives at 
-30 C wcro longer than those at, 25 C under these 
conditions. These rcsult,s indicate that, physical ad- 
sorption is the principal means of rot~cntion; reaction 

with the CM> of t>he whetlerit,e can play only a minor 
role. 

With addition of moisture to the atlsorl~cnt t,he 
service time increases al, firfit and then dccrcascs when 
more than m optimum amount, of water is added. 
The lives of whetleritcs tcstctl with a FiO’g KH gas 
stream are longer than those: with dr.y gas when the: 
rnoisture content of the whctlcrite is less than about, 
lO($<, on a dry basis. The tulw life for t,estn with dry 
gas decreases with dccrcasing t,enipemtln+c: if the: 
rnoist,urt: content of the whctlcrite is greater than 
about lO”f ,,I. 

On Lhc basis of these and previous observations it 
is c:onc:lutlctl that, the hydrolysis of PIP, plays a major 
role in the rnt:ohsnism of removal of this agent. As in 
the case of olhcr gases considered, it, is probable that 
this reaction takrs place on the surface of the nd- 
sorbent and musl, 1~: prc:ceded by physical adsorption. 

Seleniuw llez@uo~ide (SeF6). The experiments 
performed wit,11 sclonium hexafluoritle 2:s* 21 are not 
as complete as those with phosphorus trifluoritle. 
Nevertheless, the data arc consistent wit,11 t,hc con- 
clusions drawn above. The mechanism probably con- 

sist,s principally of physical adsorption followed 1)s 
hydrolysis and subsequent rc&ontion of the products 
by neutralization by the irnprcgnants, solution in 
the adsorbctl water, and physical adsorption. The 
fact that, the service time cont,inues to rise at least 
to tha highest, moisture cont,cnt (75% RH; 30% 
moisture on the whetlerite) employed, suggests that 
the initial step is not, dominant as the rate controlling 
step. This conclusion is confumctl b.y the observation 
that the dry life does not go through a minimum, but, 
shows a continuous increase as the: t,emperature is 
decreased. 

szClj+ur~~l Chloro-&or& (R02CXF). A limited num- 
ber of tube: tests with sulfuryl chloro-fluoride 25 
yielded int,crcsting results. In t,csts with dry Type A 
whetlerilc and dr.y air, SOz was the first substance 
to penetrate the: adsorbent; this product, probably 
results from the catalytic clecomposit~ion of 802ClF 
following adsorption: 

SO,ClF = SO2 + ClF. (13) 

ClF is presumably more strongly adsorbctl than 
SOa. SO&IF was the second gas t,o penctratr: under 
these conditions 

In the prcscnce of moisturt:, SO,ClF was found in 
the emergent stream before S02. In all casts the 
chloride x1x1 fluoride in the effluent gas were small 
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in amount compared with the 802ClI~‘. The: chloride 
and fluoride probably appc:ar as H( :I and HF formed 
by hydrolysis : 

SOg(:lF’ + 2H# = J&SC), + TIC1 + IIF, (14) 
or 

2C:lF + 2HzC) = 2IICl + 211F + 0s. (15) 

Competition of ( 14) wit>h ( 13) probably accounts par- 
tially for the prcccdcncc of SO&IF before SC& in 
tests in the prcscncc of moisture. H2SC)+ HCI, and 
III are ret,ainc:d by reaction with CuO and by solu- 
tion in tho atisorboti wutcr; Oz may cithcr bc chemi- 
sorbc(1 by the charcoal or uppcar unnotic:ed in the 
emergent gas. 

SO&IF preceded SO2 and the halogen acids by 
longer time intervals when tests were performed 
with moist whetlerite at, -29 C, indicating a prob- 
able reduction in rate of reactions (13) and (Id). 

~Sulfur Penta$uoride; (&F,); 1120 or %. When 
charcoal or whetlerites are exposed to sulfur penta- 
fluoride-air mixt,ures,*O a mixture consisting chiefly 
of SF6 and SO,Fz generally penetrates the adsorbent 
first; in some cases, however, 802 is the first, pcntrat- 
ing gas. This initial penetration is followed con- 
siderably later by penetration of H11’ and finally by 
S2Fl”. 

Insuficiont, cxpcrimcntal t&a are at hand to as- 
certain the importance of the role played by mois- 
ture, but the presence of sulfuryl fluoride and hydro- 
fluoric acid in the effluent stream and some evidence 
for an incrcsse in the tube lift in the presence of mois- 
turc suggest that hydrolysis plays a major role in the 
mechanism of removal. 

Because SF,;, SOzFz, and SO2 are relatively innocu- 
ous, penetrat)ion of these gases is of little concc!rn. 
While not very toxic, HF is irritant, and penetration 
of this gas would probably mark t,hc conc:lusion of the 
period of usefulness of the canistc:r. IJndcr all condi- 
tions of test,, protection to the HF break appears to 
be adequate. Whetlerite and Type D mixtures are 
more effcct>ivc than baa: c:harcoal in removing the 
HI?. Thcrc: is some evitlcnce for transmission of small 
c:onc:entrutions of toxic substance prior to the &P’lo 
brcuk; this may be due to slow leakage of this agent 
at, conr:cnt,rflt,ions which appear t#oo small to bc 
effective. 

These many observations demonstratc a very com- 
plicated mechanism. Nevertheless, with t,hc aid of 
the results ohtained with other fluorides, it, is possible 
to speculate as to the more important reactions in 
the overall mechanism. 

The first step is probably adsorption followed by 
decomposition: 

&T”,, = SF6 + SE,. w 

Adsorption of SF,; and SF4 may then bo followed by 
catalytic: h~ydrolysis: 

SJcO + 2Hz0 = SC&F2 + 4IIF. (17) 
SF4 + 2JJz0 = SO2 + 4HP. w 

Another source of SO2 in the emuent gas may XX a 
decomposition similar to reaction (13) : 

sop, = so2 + Fz. WV 

Fz and S&F2 probably undergo hydrolysis similar to 
(14) and (15): 

2Fz + 2Hz0 = 4HF + Oz. (20) 
S02F2 + 2H& = HzS04 + 2HF. (21) 

Boron TriJluoride Acetonitrile (CTIBCN . BFJ. 
Tests 26 with CH&N + BF, were insufficient in num- 
bar to permit much speculation in regard to the 
mechanism of removal. No tests were made for 
acetonitrile in the emergent stream because it is rela- 
tively innocuous. Moist whetlerite afforded longer 
service time to the penetration of fluorides than dry 
whetlerite. Thus the mechanism probably consists of 
the catalytic decomposition yielding acctonitrile and 
boron t,rifluorido, followed by hydrolysis of the BE’3 
(and possibly CH&N as well). Protection appears to 
be adequate in any cast. 

Arsenic TriJluoride (AsPa). The results of tests 26 
with urscnic trifluoride, though inconclusive, indicate 
strong adsorption followed by rapid hydrolysis. 
Protection against this gas appears to be excellent 
under all conditions. 

1 ,bDinitro-tetrajiuoro-ethane. Tnvostigations of 
1,2-dinitro-tetrafluoro-ethane (C&‘~[NO&) show no 
evidence for reaction or decomposition of the gas 
c:it,hcr on dry or moist Type A whetlerite.26 Znd~cd, 

t,he results of a11 experiments with this agent indicate 
revcrsi blc adsorption, and adequate protection ex- 
cept at high moisture content of the adsorbent,. Being 
relatively innocuous, dinitro-tetrafluoro-c:thune sup- 
ports the generalization that fluorides sufliciently 
toxic to be of interest as war gases must, be reactive 
and hence subject to hydrolysis and/or other decom- 
position on moist whetlerites as nxcmplified by the 
other fluorides considered in this section. 

Phosphoryl Trifluoride (POF3). The few experi- 
ments performed with phosphoryl trifluoride 25 indi- 
cate direct reaction with the CuO of Type A whet- 
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loritf: ss wf:ll as wit,h aflsorb~d wntar in lint: wit>11 Llw 
gcnwal rnfxh~ismn discussfd abovf:. 

Hytlrogcn f~yanitlf: \vas uwi on a minor scalf: dur- 
ing Wfrlfl War I t~,ritl today is onf: of tJlic three 
slunflardizcfl nonpcrsist,f:lit, agf:nts protluf:f:tl try tllc 
C%cmif:aI Warfare Service. Among the :nlvantJ:cgcs of 
t,his agent, arf: it>s low molf:fwlar wf-:ight, anfl high 
vfht,ility wliif:li rfxult in iri:.ltlf!rlu:.~t,f! protf:f:t,ion 1);~ 
physical adsorpt~ion on aat,ivatctl f~harf:o:tl. As a con- 
sefluenre, ronsidernl~lc effort, 1~s lxx9 rspcnded in 
search for suitd,le irnpregnunt,n wliiclh enhance the 
proteckni by chemical retention or destmruf:tion, in 

study of the mechanism of removal, and in con- 
sideration of t&ics Eor use of AC against protected 
enemy troops. 

Because of the volume 01 work and reports dealing 
with the removal of AC, it, is impossible to discuss all 
of the f:spf:rimf~ntal results in this brief treatment oi 
the subject. Only some of the more importnnt nspfxts 

of the research are mentioned. l’or dotail, the rcadcr 
is referrf:c-I to summary rnpork 2R, 39 and to tJlif: original 
rf:port,s of thf: rcscnrch. 

(:ymogcr* is f:onsifif:rf:tl f:onf:~irrcrltly wilh liyflro- 
gcn cyanitlc b~aunf: of t,lic sirnilurit,iex in many of 
tlif: rf:actions in t,lif: mt:clianisirns of removal of these 

t>wo gases. No implica.tJion of equal imporL:mre is 
intenflrfl. 

The AC Lul)e lives of dry base charcoals are short 
at room temperaklre, but increase rapidly with tlf:- 
f:rensing tempemture, indicating that physical atl- 
s0rpLi0n is the priwipal mechanism of retentJion. 
The presence of moistSure either in the gas &cum or 
on the charcoal effecb a small incrcasc in lift, proh- 
ably due to retention by rcnct,ion of HCN with the 
adsorbed water, with possible hydrolysis to am- 
monium formnte. Only HCN is found in the effluent8 
gas. 

The C2N2 t,ul)c: kst, lives of base charcoals a,re gcn- 
wally nomcwhat~ 1ongc:r Lhan the AC lives under 
similar condihnx. This ohservrttJion and the cffcct, 
of tompfxxturc on C&N2 service times in dry n.yst,fms 
indicnte that the gas is held primarily by physical 
udsnrption ftt room temperahre. At, high liumidit~ies, 
cquililwat,cd cl~nrfwal~ tested at, various tcmpf:rtfLures 
f:xhil)it, minimum service times at about, 25 C, indi- 
f:at>irlg t,hat z chernicd reafdion OCC~TS in thf: presence 
of waLer. The presence of HCN in tJllc: cMLrent gas 
under t,hese conditions suggestJs t,llat, hydrolysis is a 

probable reaction. In the :~,l~s~:nc~: of witlcrlw pro oc 
con, however, other reactions suds >LS polymcrizrttion 

must, be :i,flmitt,f:fl as afh~it~ionul possildit,ie~. 

At high humiditif:s t,llc: C&N2 lives tlwrcasc wit,11 in- 
creasing humidity of c:cWuilil)r::~t,iorl and LA. Such a 
decrf?:lso is prot)at)ly flw, at, 1f:ast partially, to the 
slowr~f:ss of Llrc diemic81 reactions in the clestJruction 

of t,hf: f:yenogen ~tnd conseflrrent regeneration of nd- 

sorpt,ivf: surfann of the f:har~:o:~l. Tha possibility of 
tlfxort~irlg c~y:tnogf:n and observations of recovery of 
life on standing after initial test lend furt,her support, 
Lo the thesis that physical adsorption is the primary 
step itncl that, this is followed by slow re:tction of the 
cyanogen . 

TIME (MINI 

It, has long been recognized S0 that, cyanogf:n ap- 
pcurs in the emergent, gases from whetlcritcs exposed 
to hydrogen cynnkf:. Typical effluent, fwnacntmtion- 
time curves 3’ for t,ul)c tests of Type: A whcLlerit,e at 
AR,-50 and 80-80 hlnnidity condit,ionx appear in 
Figures 2 nntl 3, respectively. Ry passage 01 gns-frf?o 
air through :I whet,lerite following an HCN exposure, 
varying amounts of C&N2 can 1)~ dcsorbed depending 
on the extnnt, of the original exposure :~nd the humitl- 
ity conditions. The greatest, amount of CzNz is tk- 
sorbed unflf:r relatively dry conditions, hut even in 
such casf:s the nmount, df:sorbed is not, proportional 

to thf: amount of’ TTCN adsort~ed. 
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I I I 
80 * 80 CONDITIONS 

I 

HCN 

n v 40 60 120 160 

TIME (MIN) 

As in all previorls in&nceS, it is belicvcd that, 
phgsic::Ll trdsorpt,ion of the: toxic g:~ is t,he first, stq in 
the mcc:hanism. The AC protection afforded by im- 
pregnatcd resins and sodu lime intlicatJe t,l& this ~3tep 
is prol~hly not, the major. &e-governing process in 
the CRW of’ whcllerites. On thkother h&~d, that in- 
effectiveness of rat~nlyl,ia cuprous or cupric oxide in 
gn~fiular form, or whetlerizrtd sodium silinat~e, 07 
exploded mica, arc: cviclenccb supporting the con- 
clusion thttt adsorption is u, prcrquisite to satis- 
factory n:moval. Temperature ant1 adsorption stutiiw 

with C&N2 show that, it, can ho :tppreci:~My adsorbed 
witJhout ch(:mic:al reaction. The short, life of whet- 
leritc at 80-80 is evitlcrke t,liatJ &orption of cyanogeri 
is the primary st,ep in its ret8c!ntion by whet,lerit,c. 

The prescncc of (&Nz in the: ernergcnt gas(:s from 
whctleritcs cxposetl to IICN necessit,stes the presenccb 
of an oxidizing agent on the c:hurco:~I sllrfact:; oxygen 
hati been found to bc unnecosatry for the rcmovad of 
HCN ant1 production of C,N,. Furthermore, :L 
stcjichiomct~ric rc!:&on wi t,h the copper is indic:ltjcct 

80 ,- 

g 6C I- 
5 

2! 
i 4a I- 

- 0- 50 CONDITIONS 

I I I I I 
2 4 6 8 .__ IO 

PER CENT Cu ON CHARCOAL 

80-80 CONDITIONS 

/ 

2 4 6 8 IO 
X Cu ON CHARCOAL 

by the: lttcts ihut, (I) snturation tl:di,a show that) 1.5 
to 2.0 molt:s of ITCN are :~tlsorl~etl per molr of copper 
and (2) thr: PICN life is proportional to the copper 
content, of the whet81eritr: (see %igures 4 and A). The 
nitrogen in the HCN is not oxidized, hut remains in tt 
form which cari be hydrolyzed to ammonia (ax nitrile, 
amide, or ammonia salt). At 100 (: about, 50% of t#h(: 
absorbed HCN remains on the whetleritJc fts cyanicic, 
tentatively identified BS cuprous cyrtnido. This 
ahundanct~ of evitlcnce supports the tJhg:ory th:~t the 
main reaction for HCN nsnoval is 

4HC:N + 2C110 = XuCN + 2Hz0 + $Nz, (22) 

This is not the only form of chemical removal. In 
addition to (310, cuprous oxide :tnd basic copper 
cnrhonato have been identified on whetleritcs by 
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X-ray diffraction studies. Tube tests indicate that, 
cupric oxide is more reactive than basic copper car- 
bonate. Ncvortheless, the evolution of consideral~lr! 
CQ in the rcsction of HCN is best explained on the 
basis of rcuction with the carbonate: 

4HCN + 2C:uCOa = 2C:uCN + 2H,O + C:2N2 
+ 2CC)z. (23) 

It is possible tha,t somo CO3 comes from other 
sources, but the observations supporting equation 
(23) as t,he principal reaction involved are that (1) 
sufficient, carbonate was prcscnt, to account for all Ihc 
CO2, (2) CO2 was found in thr! absence of wat,er and 
t,o a grcetcr extent, from HCN than from CzNz and 
thus does not, arise to an appreciable extent from 
hydrolysis of t,hese gases, and (3) all of the HCN ab- 
sorbed was found as cyanide or cyanate. 

CuZO and HCN most, likely undergo a straight 
mctathetical rc?action: 

2HCN + CuaO = 2CuCN + HaO. (24) 

Whetleritcs containing copper in the form of Cu,O 
instead of CuO exhibit lives slightly more than half 
those of standard whetlerite. 

Polymerization of HCN is possible, but thcrc is no 
evidence available to substantiate the occurrence of 
such a reaction; moreover saturation experiments 
indicate that it does not occur to any great extent. 

Brit,ish investigators claim ammonium formatc a~ 
the main end-product on their adsorbcnts. This 
product has not been found on whetlerit,c and the 
general stoichiomctric nature of the HCN adsorption 
with the formation of C2Nz precludes t,hc possibility 
that hydrolysis to the formatc plays a very important 
role on whotlerite. 

Cyanogen is held irreversibly on whetlerite lti in 
the same amounts as S02, CO, and HzO. This r:hr:mi- 
sorption or chemical reaction may be represented by: 

C2N2 + CuO + CuO . C&N, 
( 

Perhaps Cu 
,OC:N 
\CN ’ > 

(25) 

Such a rea$ion would explain the grcat,er CtNz life of 
whctlerite in comparison wilh base charcoal tested 
at O-O RH. It also would afford at least a partial es- 
planution for the reduction of HCN lift of a whet- 
lerite by previous exposure to C2N2. Such reduction 
of HCN life is greater under dry conditions than in 
the presence of moisture. This may be due to the 
decomposition of the product of reaction (25) by 

hydrolysis 01’ to the fact, t,hat a greater proportion of 
t<he cyanogen may be destroyed by direct hydrolysis: 

CzNz + HZ0 = HCN + HOCN, (20) 
or 

C2N2 + 2Hz0 = (C:ONH&. (27) 

The appearance of HCN in the erncrgent stream in 
C.&N2 t&s on whotlorite as well as base charcoal is 
cvidencc: for reaction (Z(i). The IIOCN may undergo 
polymerization to cyanuric acid, a probable reaction 
in the absence of strong acids. Since some ammonia 
has been itlcntified on whetlcrite expoacd t,o IICN, 
it is also possible that! HOCN is hydrolyzed to NH3 
and CC&. However, insufficient, NIL is found to ac- 
count, for more than one-tenth of the HCKN being 
destroyed by t,his hydrolysis, if all the C&N2 is re- 
moved by reaction (26). Some of the ammonia, how- 
ever, could be removed by side reactions leading to 
formation of ammonium cyanate, urea, ammonium 
carbonate and copper ammonium complexes. 

That t,he oxamide formed by reaction (27) may also 
undergo hydrolysis is indicated by the identification 
of both ammonium oxalato and oxamide among the 
products, 

There! is no dir& evidencct for or against the poly- 
morization of cyanogcn on whc!t,lerite, but it must be 
considered as a p&bility until such evidonco is ob- 
tained : 

zCzNz ?!I$ (C:N)z,. cw 

Impregnation of charcoal with chromium or mo- 
lybdenum oxides alone improves only slightly its 
ability to remove HCN or C2N2. Howcvcr, in con- 
junction with copper oxidc:, they are effective in 
romoving these gases (part)icularly cyunogen). That 
reaction (22) occurs with Cu-Cr-Ag and &1-Mo-Ag 
adsorbenta is indicatctl by the saturation da@ the 
effect of copper content, on the life, and the presence 
of small quantit,ies of &N, in the effluent gas. 

Catalytic hydrolysis of the CzN2 with destruction of 
the CuO may be rcsponsiblo for the longer lives of 
theme adsorb&s. A mole ratio greater than two for 
HCN to Cu indicates that Cr must give the ad- 
sorbent some additional ability to rcrnove HCN. 
The mole ratio of adsorbed cyanogen to copper and 
chromium on the char is too great for the rcuction 
to be stoichiometric. Lack of a direct relationship 
between the life and the copper or chromium cont,ents 
supports this conclusion. 

Reaction (26) cannot be the major reaction, for 
the amount of HCN generated would be too great 
to be completely adsorbed. Even after being run to 
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the C:2N2 break point, Type ASC whctlerites display 
long service times against IICN. 

Tnasmuch as water is necessary to make ‘Type AK 
whotlcrite effective in removing C2Ns, but oxygen of 
the air is not, TV catalytic reaction is intlicat~ed. The 
most likely reactions arc hydrolysis [reaction (27)] 
to oxamide and t.hen to ammonium oxalate, or poly- 
merization [rcact,ion (28)]. Qualitative ident,ifica- 
tion of oxaIat,c favor thr: hydrolysis as the major 
reaction. 

Adsorbcnts irnpregn:l.t,c:tl wit,h zinc, cadmium, and 
nickel have appreciable HCN lives and probably 
react to form stahln rnetal cpnnitles or cyanide 
complcxcs. No cyanogen is gencruted. 

Tliv(:s of charcoals impregnatatl only with silver arc 
short in comparison with lives of whetlerites. ITy- 
drolysis to ammonium formate is said to bc the major 
reaction in the removal of TTCN. The silver, however, 
is rapidly attacked; small amounts of HCN poison 
the catalyst, destroying its action in arsine removal. 

Cyanogen chloride (CNU; CK) TVM st,undardizc:d 
and proriuocd by the Chemical Warfare Servicn :ts 
the t)hird nonpersistent, gas largely because of the 
vulnerability of enemy c::tnisters to Ibis agent (flee 
Chapter I I). Prior to 1945 il was known as CC. A 
considerablo amount of t,irne and effort, has been cx- 
pended by Uvision IO of NDRC :ultl by t#he T~c:h- 
nical Division of the Chemical Warfare Service: in 
search for new imprngnanls for ch:1,rc:o:tl or new :d- 
sorbont,s which would dforcl nmplc protection against 
( X under all c:orltlit,ions. This research c:ulrninated in 
lhe stnndarclizrrtion of Type AK: whptlerit,e (see 
Chaptler 4). Considerable thought arid experimcnLa- 
lion was dcvot,cd simult:meously to the mechanism 
of removal of Cli for clues such st)utly might uncover 
low~ard possible improvomcnts in the: impregnat,ion 
of charcod, elimination of the d(:t,c:rinrat,ion of the 
proposed irnpregnants, and optimum tactical cni- 
ploymcnt, of the gas :bs an offensivr weapon. 

Though t,he resc~arc:h was prodigious and quite 
fruitflJ, t,he menh:ulisnl of retc:nlion of C’K has provc:tl 
t,o I)(: complex arid an unambiguous or unique solution 
has not been fom~cl. This wss t,rue in tlw mses of Llle 
olher gases considered in t>his rhapt,er, but t#o a Icsser 
degree. Nevertheless, :L ICf summnr.y of pertinent 
observatioris and t,entatJivt: Conclusions is warran ted 
:.~t t,liis poirlt.Z8T x2 

The CR t,ube test, Iivcs of dry or moist base char- 

I coals decrease: with increasing temperature over the 

range of 0 t,o 100 (7. Studies of t#he kinetics of the 
adsorption in dry systems 33 show that,, Ht least in the 
absence of water, t;his observation is due t,o a re- 
duct,ion in the capacity of the charc4 which more 
than compensates for a simultaneous increase in th(: 
first-order rate constanl for the adsorption. TIM: 
prc:scnce of moisture rctluces both the service times 
at any temperature studied and the capacities of base 
charcoals (at le& at, 2,5 C). Such observations art: 
indicative 01 physical adsorption as the principal 
process of rotention. 

Additional validation of this hypothesis is obtained 
in t,he obsc:rvat,ion that all of the ndsorbcd chloride 
can be tlosorbed from dry charcoal by the passage of 
air. About 12%, of the chloride in one test failed t)o 
desorb in 20 min from charcoal tested at 80430. It is 
possible that t,his fraction of the absorbed gas is held 
by solution in t,he water condensed in the ports and 
is thus less readily desorbod; howover, part, of the 
remaining absorbate might be destroyed by a slow 
reaction which can play only a minor role in the: 
overall mechanism. Thin layers of charcoal which 
appear t,o be saturated in 5 or 6 min at 8040 and high 
flow rates, continue to pick up CIC slowly, giving rise 
to m incroaxr in apparent capacity. For one sample, 
tlI1 inCreW: from 10 t0 14.3 nlg of (.>I< per Id of 

cll:~rcoal was noted aft,t:r 180 min. This may indicate 
a slam displaccmen t, of water, a dew &c of renction, 
or bot,h, At, any ratf:, tdic slownc:ss of Giix removal 
r:lirnina,tes it, as an imporLant, step in t,hc mechanism 
and hence tloc:s not invalidate t,he conc:lusion that, 
physical adsorption is the major procnns involved in 
dynamic t,est,s. An increase: in t,he (X inpul to t,he 
tut)c:-test, brnak point, \vit,h incrcasc in influent, con- 
cc:nt,rat,ion in the prcscnce or absence: of moisture: 
lends PurtJher support1 of this thesis. 

Type A and AS whctlcrites yielded similar results 
in regard t,o the: eflect<s of humidity and influent, con- 
ccntratioii on the tube lives, indicating that thck 
mc:c:hunism of rapid removal in dynamic: tests at room 
t,c:rnpernt,urc: is essentially t>ht: same (physical atl- 
sorpt,ion) as in t,hf: wse of lx~sc’ chaawal. The Cli 
t,rtbe tr:nt, lives at AR-EiO ~CI’C: found t#o be practically 
indcpc:rltlentJ of the amount, of copper in the impreg- 
nant,. 1Ience it, seems t,liat copper’ oxide dot:s not 
react, to an apprcriablo c:xlent with CNCL or at least 
in :L rapid stoic:hiomet,ric: reaction. 1Towcver, vvhct- 
lcrit,es broken to CK in air strearns at, various humidi- 
t,ic:H and t<empcratures rrrover considerable fractions 
of t,hcir ori+d lives upon standing; furthcrmorc, 
t,liis regencrtition process may be repeated several 
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t,imee. It, is t,hrls apparent, that a slow chemical I’(‘- 
action occurs which removtls some of the CNCI, 
permitting additional physical stlsorpt~ion in subxc- 
qncnt tests. Since t,his phc9omenon was nol observed 
on base charcoal, it rnust be concluded that the 
copper oxiclc plays a role (either cat#alyLic: or stoi- 
rhiometJric) in the react>ion during recovery. Buch a 
slow reaction is furt8hcr cwidenectl by t,he fact, t,hat 
t,hc amount of tIesorbable chloride clecrcascs if the 
exposed whc:tlcritJe is pcrmi t#ted to st,and before cle- 
sorption is attemptctl. I~urlhcrmore, prcliminaq 
st,udicn seem to indicatr: that, the dry t,ube lives may 
pass through a minimrnn as t,he t,omperatJrlrc is in- 
creased arid then rise with further increase in tcm- 
peraturt:, substunCating the conr:lusion that a slow 
reaction may 1)~: taking place at, room tJemperat,ure. 

Cupric chlorirlc has bc>cn identifictl by means of 
X-ray diffraction on a whcatlerite exposed to CNC3. 
Such a cornpound could 1)~: formed by reaction witJh 
HCl produced by CJNCl hydrolysis or with Clz from 
CNCl oxidat,ion. Similarly the presence of CO2 in the 
eIflucnt, gas long before t,he C:K break point, may be 
explain4 either by hydrolysis or by oxidation of the 
CK. However, as point,ecl out in the section dealing 
with HCN, much of the CO2 may result from re- 
action of IICI with copper carbonate which is likely 
t>o be present in the whetleritc. Only faint qualitative 
tests for cyan&: have been found; this may be due to 
predominance of destruct,ion of CK by oxidation over 
t,hat by hydrolysis, or it may ~JC explained lay further 
hydrolysis of TIO(:N. 

To increase: the protJection against, C: ii, particrl- 
larly in the presence of moisture, the Chemical War- 
fare Service tlovelopc!tl E R whetlerite, :I, standard 
whetleritr t,r&ed with sodium t,hiocyanate and 
sodium hydroxide (sr\e Chapter 4). This additional 
impregnation increases the lives of all wlietlcritcs at) 
low humidities, and at, high humidities it, increases 
the lives of whc:tleritJes having the proper distribution 
of pore sizes and char:lct,erist,ic:s (see Chapter 6). 
No desorption is observed from E 6 whctlerites which 
ha#ve been cxp~~scd to CIi. IJpon aging, the E 0 
whetlerit,es lose a considerable fraction of their 
original lives. Such tlet8erioral,ion in prot(?ct,ion ap- 
pears to be due to the oxidation of part of the thio- 
cyanatc to sulfate. From these observations it, has 
l~cen cor~cludetl that the CNCI rea& dirrctly with 
t,hr! nitrogen of SCN-. 

An increase in C,t wit,h increasing Cir is gcncrally 
Laken ax an indication of physical adsorption as t,he 
major step in the: removal of a gns. Such ldlavior 

should also be manifestctl in cases in which react,ions 
sul~sctyuc:nt~ to adsorption arc slow and fail to remove 
the gas from the! adsorptive surface rapidly enough to 
make apprt:c:ist)le additional atisorpt8ion pos&le; 
any change in conditions which t,ends to acr:clorate 
the chemical reaction in such cases should tlccroase 
this trcntl of C,,t. The presence of moisture on thio- 
c,yanatc whetlcrites :kppenrs to dcaroasa t,his tendency 
ol Cot to increase with increasing Co, probal~ly hy 
xcelorxting the reactions of aclsc.4~cd CX, and hcncr 
offr:rs some additional validation to the conclusion 
that adsorption, the primary step, is followed by a 
relatively slow chctmicnl react>ion. 

Search for irnprcgnar& affording grCstc?r original 
protection and st,&ilit,y led t,o the invontSigat,ion of 
many mot,+d oxides. Of these chromium, vanadium, 
and molybdenum wcrc most, promising. St,utiy has 
been concentrated mainly on chromium impreg- 
nated charcoal inasnluch as this impregnant offcretl 
the best overall ClI:lrL1(:t,(:rist,iCs. Many of the spacula- 
Cons and conclusions for c:hromium impregnaLct1 
charcoals and whetlerties, how(:vcr, apply equally to 
those containing vanadium ant1 molybdenum as 
\I;Cll. 

Impregnation by copper or chromium alone yields 
poor adsorbents for cyanogen chloride. Roth Cnfz 
and C:r+” are necessary for opt,irnum protection. The 
decrcasc in protect,ion during aging is apparently due 
to loss of (Jr+” by reduction to Cr+3, presumably by 
oxidation of t,hc charcoal to COP. A similar rt?tiuction 
of C:r.tfl occurs during exposure to CK. In sttnlples of 
ASC whetlerite exposed lo less than the break time, 
4.7 ct~uivalcnts of CK were ttbsort~ctl pw ecluivalent 
of chromium reduced; in long csposures, far beyond 
the normal service time, this ratio was found to be 
11.4, alt,hough 27% of the C:r+fi still remained alter 
the longest, cxposm’es attempted. Thus it, would seem 
that thcrc: is no direct relationship between the 
amount of Cr+” rc?tluced and the t&al amounts of Cli 
absorbed; this rn:l,.v be part,ially tlur: t,o reaction of 
C:R with CuO, though it is unlikely that such a 
rr:act,ion could afford a complete explanation. It, is 
thercforr: doubtful that CNC:l reactIs stoicl~iornct~ri- 
tally wit,11 the impregnant. Thus while Crf” is ncccs- 
sary for rapid reaction, reduction of t,lie chromium 
may not IJC a pwt, of the primary process, but of a 
secondary or sitlc reacCon. It, is possible t,hat at, Icast, 
part of t,hc reduction is dllc t,o oxidation of carbon; 
this reaction is known t,o 1~: accelerated in the 
presence of acid. 

The initial rates of sorption of CK are approxi- 
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matlely the: same for base cliarc~al and MC whet- 
Icritc; however, thr rate falls oft’ more: rapidly wit,11 
t,imc in the case of the base charcoal. This observa- 
tion would suggosl; that, the first, stq) in the removal 
of CK by ARC whetlerite is physic::~l adsorption be- 
cause only with xuch a mechaninrn could the initial 
rales be equal on base charcoal or ASC whetlcribe. 
This conclunion is validated by indirect evidnncc: that, 
t,he rnto of destruction of CK on ASC whet>lcritc in- 
crea,?(\s at first during the: pr:riod when tht: concentra- 
Con of adsorbed CK is prol~ably increasing and t,hen 
decreanc:x during t)he cxtcntlcd period whm the 
imprcgnant; is being tlostroyctl and part, of the ad- 
sorptivc surface is bt?ing utilized or made inaccessible 
by reaction products. 

III hbe tests taken to the break point, CX sat,urti- 
t>ion values are never rc::rt:hcd in any part, 01 beds of 
moderate thickness. Under &ndarti test conditions 
life 1.8 thickmss plots are curved and estimatcls of 
capacitics from such studies yicltl low values. This 
is apparently tluc: t,o the slowness of chcniical reaction 
of the adsorbed Cti. The apparent capacition of 
present, AM! wlir~tlerit~es are wit,liin the rang0 of 
40 to 100 rng of CX per ml of wtictlrrit~e (ass compared 
with 0 to 15 rng of CK per ml of charcoal at, 80-W) 
and arc: oxsentially indepc:ntl(:nt of moisture con- 
ditions. Longer test lives aLt low humidities arc due to 
the: grrutcr* rates of sorJ)t>ion. Calculations based on 
comparison of results of tests wit,h ASC whetleritos 
and base charcoals indicate that the specific chemical 
reaction rat>e for CK on ASC whetlorit,c is grent,cr at 
high than at, low humitlitir>s. Thus wat,(:r plays an 
important, part, in the mechanism. This naturally 
suggestIs hydrolysis as a major step, but cat,alyt,ic 
action of \l-al,cr nia*y be important as ~1.~11. Cc),, 
NII,, (.:I-, and small amounts of HOCN are known 
to be among the products of t>he reaction; other 
prodrrc:t,s may also be prcscnt. Practically no CNCY 

(:a11 be clesorbed from ASC whetlerit>e within short, 
periods of time aftc:r c’xposure t,o the: break poin1. 
‘l‘lms all of t,he CK must be either destroyed or 
chemisorbed, 

All the chloritlr: ion in C.X tnkcn up by charcoal 
or whetleritc: (:a11 bc recovered by acid distillation ; 
about 90(& (:a11 be recovered by extraction with 
water. 0n the: average, less than 40 ‘:& of the nit!rogen 
can be recovchrctl as NII, by basic distillation; some- 
what, larger prrcentages can bc recovered if the 
whetlcritc: was made acid for a period prior to the 
basic tlistillution. Approximat,rly 70 to 75(x, can be 
recovered HS NH:< by ext,rnction with water ant1 srxb- 

socluentl basic: distillation of the extract,. From a 
comparison of NH3 blanks for thrse two mt~t,hotle, it 
is npparcnt that, part of t#he ammonia originally on 
t,lic! wlietlerite is not removahlc by ext>raction; it is 
possible that, parl of’ t,he C: Ji which was not c:xt,ract- 
able as NH3 was lost by similar retent>ion. It is also 
ponsihle tha2t loss is partially clue t#o failurr: of inter- 
mediate prothls to hydrolyze. TTWN liythlyzes 
slowl~y in hnsic: media whorcas urea hydrolyzes less 
readily in acid media. A third possibility is that, CK 
is destroyed by some ot,her reaction which does not 
yield N HZ. 

The amounts of CC& recovered in the eliluent, gas 
and from the adsorht are lar,gc? hut ir,~eprotluc:it)le. 
This may be raunc:tl in part, by variability of original 
CQ on the whet,lnrito due to different dcgrres of 
aging or to varying amounts of (X)2 picked up during 
cquilihration. As rncntionetl al~vc, part, of ttic CC& 
nlrty arise during the test, from oxidation of carbon by 
the CP’-~. This oxidation may be acceloratcd by the 
t,emperature rise due to tlic: heats of adsorption ant1 
reaction of C: Ji :tnd by increased acidit,y. 

In view of t,hese observst,ionx, it, is possible only t)o 
speculstc! as to the mechanism of reaction of C: Ii on 
various whetlerites. All rou,ctions arc open t,o some 
quo&on and nectl additional verification. Un- 
tlou htcdly t,lie primsr.y process is physical adsorption. 
This. may be followed by hydrolysis, oxidation, (31 
polymerizat>ion catalyzed by CluO ant1 C&O, or a 
complex salt, of these metals. 

(.:NC:I + I-I,0 = HWN + HCI, (29) 

2CNCl + 202 = 2C.Q + Nz + C:lz, (30) 

3CNCl-+ (C:N(.:l).?(C.:yanuric c*hloride), (31) 

Hydrolysis to yicltl HCl and HCEN is favored by 
change of free ermrgy over t,ho &crnativa rt:act,ion 
yielding TT0CI and ITCN. E’urthermort~, reaction 
(29) is neccssury to explain the observation of WN-. 

Oxidation according to rcuction (30) has been ob- 
served t,o Luke place fairly rapidly in experiments 
with C Ji ant1 met,al oxitlos on asbestos at 75 C:. The 
fact, that the capacity of ASC whot,lcrit,e is approxi- 
matoly the Sam<> at, O-O, O-50, and 80-80 R)H 
~oultl seem to inthltc that the: reaction can go t,o 
trtif: same extent, in tlir presence or absericr: of water 
and licnce t,hnt, water is mero1.y a cat8alysl and 
hydrolysis is exclutlod as t,he major reaction. IIow- 
cvcr, there was, undoubt~etlly, nome water present, in 
the O-O 1tH tc:nt>n because drying procttdures em- 

ployed do not, remove all thr: water eithr from thcl 
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adsorbent or the gas stream and small amounlx of 
t&litional water may possih1.y he picked up by the 
gas in passage throrlgh tllc flowmet>ers; furthermore, 
some water may be formed hy neutralization re- 
actions such as in eqllation (5). Thus neither react,ion 
(29) nor (30) can be exchlded. 

No direct, evidence for or against, polymc!rization 
(31) on the adsorbent, has been found. It must,, t,hcro- 
fore, be inclutlcd as a possible reaction of minor 
importance in thn mechanism. 

The HCEN can undergo furt,her hydrolysis or I’(:-- 
act,ion with NH3: 

HOC:N + 1120 = NJ& + WZ, (32) 

HWN + NIIi = CO(NH,),, (33) 

and the urea could be l~ydrolyzc~d: 

CO(NH& + H20 = CO, + 2NHa. (34 

Urea has not, been identified as a final or intermedi- 
ate: product,, but reaction (34) is known to he possible. 

The ammonia would be rctaincd by reaction with 
HCI or with the metal impregnants, forming com- 
plexrn. (::I2 and HCl should be rctainctl hy me&a- 
nisms similar to t,hose postulated in previous sections. 

It has long hc!c:n known tIllat cyanogc:n chloritlc 
undergoes an addition reaction with amint!s : 34 

/H + 
R-NH2 + CNC---+ R - “\‘J + (::I-. (35) 

[ I 
That such rea&ons Luke pl~t~(: on charcoal ad- 

sorbrnt,s is f?videnced by an incrf:asc in ratn of 
removal and of capaci t,y of the ndsorl~cr~t~,g4~ ah upcm 
addition of amines t,o t,he impregnanL ‘1‘1~ nitrogcrl 
bases evid(M+y r(!act, directly with the (.:I< :~~.ud do not, 
merely activate> tlic\ other catalysts, sinc+e an c#itic:iclut 
adsorbent is formrd whc:n pyridine is put on base 
c:l~rt:oal ; in such cases 11~: lif(l is proportional to the 
nrnounl, of pyricline added. 

l’yritline and ot,lier basc:s do riot, appear t80 affect 
t)lle aging of the inorganic: catalyst,, Imt, mt?rely rn6se 
the final lifc of aged whetleritJe. 

Use of Lliis additJional impregnant 11~s nol, tin 
standardizt:tl since ( 1 ) the hazards of (l~tc:riorll,I,iorl of 
AK whctlcrite have been found to 1~: much If:ss 
serious than was originally feared, (2) tllc: addition of 
organic bases dons not, appreciably affect tllc ini!,ial 
overall perforrnancc: of AK whetJleritJe, and (3) many 
of the organic IWCS gi.ve off objectionable vapors on 
aging. IIenrr no tlf?t~ailed menCon is necessary at, this 
point,. 

T3ecause ASV and ASM whetleritex have not bccrl 

standardized they need not ho considered separately 
IUW in detail in this cliscllssion. Tt is suficient to say 
that vanadium and molybdenum, like chromium, 
probably act as catalysts in conjunct,ion with copper. 

For comparison purposes, tlic: ranges of 80-80 Cl< 
capttaitios achieved with variously impregnated 
charcoals arc summarized in Table 2. These values 
were obtained from the slopes of lift vs thickness 
curves and hcncc arc probably below the true satura- 
tion values. N(lvc:rtheless, they offer a good com- 
parison of the c:apac:it,ies effective during t,he useful 
lives of these adsorbent s. 

TABLE 2. hrrgea of SO-80 (:K cn,p~8ciliea of vsriously 
impregnxtcd chwcwtl~. (Influent conccrllr~ttiorl = 
4 rr1g per 1; flow rate = 600 cm per JTliKl). 

_. _ 

Imprcgnatior~ No mngc (mg per ml) 

Nnnc Cl5 
I?* or Pi* k-35 
ASP or ASPi 25-X 
ASM 33 50 
ASMI’ or ASMPi 40~100 
ASC 40-100 
ASCP cw AfXPi 40 100 

“p= pyridmt:: Pi = pirolinc (fi- y mixtu~f:). 

Tt, has been conch&d Illat, t>he first, step in the rc- 
moval of acidic: or acid-forming gases by gas mask 
atlsorbcnt8s is physical atlsorpt,ion. This conclusion 
prohahly applies generally, as shown in the succeed- 
ing sc:c:t,ions of this chaptIer. 

Acid gases, such as the halogen acids, undergo a 

rapid mc:t,athet~ical reactSion Gtli tJi(~ metal oxides of 
t)llP irriprc~gn:i,rit~ or, since most, of tlicm :krf! very solu- 
ble in water, ari: rctJairic:d by solution in the: wat,~r 
condensed in the ports of the charcoal. 

The majorit,y of tllc: probable nonpersistent wal 
gases are halides of one sort or nnot81ier. The loxicily 
usually bears some relation t>o t<he rea&vit,y of the 
molecule; the more Icactivc:, the more toxic. Such 
gases are readily hydrolyzahlc and acid producing. 
‘I’lic second step in the rnc:c:h:~nism of removal is, 
therefore, hydrolysis, followc:rl hy react>ion of t,he acid 
protXuctJs with t,he impregnant or by solut,ion of t,hese 
products in the adsorbed water. Roth the charcoal 
and t,ll(: met>al oxides are effertivt> c::l.t,:tlyst,s for hy- 
drolysis. P’rqueritly, agents of this type rf:act, di- 

rc:c:t,l.y with t<he met>al oxides in t,h(: ahscnce of water, 

brrt Ihis is not, an important featnrc: I~t~usc: the: 



atlsorbc~nt in use in the field always contains some 
moisture, as does the air. 

HCN and CNCl are excc?pt,ion:d mc:ml)c:rs of this 
group. The mechanism of HCN rc:ac:t,ion is compli- 
cated by the fact, that, Clu(CN)2, formrd by meta- 
t,hctical reaction with the copper, is unstable, dccom- 
posing to CuCN and C&N,. The resulting cynnogcn 
is less readily destroyc:rl than HCN; nevertheless, 
chromium in conjunnt,ion wi tli copprr a& as an 
effective &alyst for t,lic: dcxtrlrction; probably by 
hydrolysis. In the case of CNCI il is the original 
hydrolyt>ic rt!ac:tion which is the limiting process. 

The: mt:l,:tl oxides are present in sufficient, quanti- 
tics in tlic U. S. gas mask adsorbent>s to afford amplr: 
prot,c:ct,ion against gases of this group by mct,a,t,hc:t,ic:~LI 
reaction. Tli~is a catalyst1 “poison” clesignc*tl to tic- 
stray t,lie possibility of chemical reaction and rcndrr 
the mask vulnerable to subsc~quc:nt, :bt,t,ack must be 
employed in sufficiently large dosages to react with 
most, of the impregnan t ; dosages arc comparable to 
those IKWHSM~ for penetration of the: mask by a 
Ictlial agent,. ParCal destruction of t,hc: imprcgnant, 
produces only a partial loss of prot,cc:tion against the 
lethal agent,, mhet,her it, l)(: rcmovcd by catalysis or 
by direct reaction Ctt1 t,hc: imprcgnant;. Tl111s the 
l;natical use of a nonpersistent, &alyst, poison prior 
to att,ack by a lethal :lgc:nt,, in gcncral, has littIle 
advantage except, pcrliaps one of ease of procurc5 
merit, of such poison. A disadvantage in use of a gas as 
a poison is the: rc:sult,unt cnmplicatlions of logistic6 
and the uncc!rt,sint,y of the result. 

Howcvcr, in cas~~x where the rate of removal of a 
gas is the limiting factor and the prescncc: of large 
amoluit,s of adsorbed water reduces the rate to a 
dangerous Icvel, the use of a persistent, agcnl, t,o en- 
fort:c: prolonged masking during a pcriotl of high 
liumidily prior to attack with tlir: nonpersistent 
agenl would be effective:. 

It is improbable that c:ont,imlcd research mill pro- 
duce any new acidic: or acid-forming gas which 
simultaneously is very toxic and readily al)lc lo 
pc?netr:l,tc: IJ. S. gas masks. 

7.2.x Basic or Ham-.t(‘orming Gases 

Lit,t,lc atlention has been paid t>o t>lic: nonpcrsistentl 
basic: gases. At one time ammonia was considered by 
some as a possible harassing agont bccausc of the low 
dosage rcquircd for canister penetration. However, 
t,hc only basic gases which have 13ecn at~andardizecl by 
the :trmpcl forces of any country arc the nitrogen 

mustard gases; these: amincs WC persistent agents 
and, by virtue of their rclativcly high molecular 
weigh t8s and low volat,ilities, are st,rongly adsorbed. 

A limit4 number of experiments have been per- 
formed to tl~~t~c:rmine the protectlion afforded by cliar- 
coal adsorbcnts against, NHa and a few aminrs. 
Though the results of thc:sc experiments are inadn- 
quatc: to permit a complete evaluation of the 
mc?ch:~nisms of removal, a brief discussion at, t&in 
point, has some value as a guide to future work. 

AMMONIA (NH,) 

In tests with an influent concent>rat,ion of 6.8 mg 
of NH, per 1, saturation valuc?s sR ohtaincd from the 
slopes of life vs thickness for five Type: A whctlerites 
ranged l’rn~rl 2.0 t,o 15 mg of NH, per ml of whctlerite 
under O-O conditions; at, 80-O thn capacities were 
increased to 22 to 70 mg pc?r ml. A larger, critical bed 
depth was found for the c:quilibrat,ed whetlerites 
than for the same whetlerites wlicn dry. 

Large percentages of the ammonia arc desorbablc 
from all t,ypes of whetlerites hot,11 in the presence ant1 
absence of water.““, s7 In t&s with Type AS wh& 
lerite in M I Oantl MIXhl canislcrs t,aken to the break 
point,s immediately prcviour; to the desorpt,ion, 63 l,o 
75’yi1 of t8he ammonia was &orbed from the: dry 
whetlerite in 22 min and 51 “/$, was desorbctl from 
equilibrat,c:tl whctlerite in 41 min. The cfflucnt de- 
sorption c:onccntrut,ion had not, fallen t80 zero by the 
conclusion of the experiment in any of the trials; 
hcncc: t,hcsc prrccntages are minimum valure and it, 
is possible Ihat all the ;adsorbed NH.? c:ould have been 
dcsorbecl. Type ASC: whetleritc: affords considerably 
greater protection than Types A or A6 whether c1r.y 
or moist,, and the desorption from ASC whetleritrs 
proceeds much more slowly; only 33% of the NH3 is 
desorbed in 43 min from a previously broken dry 
Type AtiC: whctlcritc, tmd the &e of dnsorption 
from the: moist, wlictlrritc is even slower. Again, these 
arc! minimum values, and it is possible that all 01 
nearly all the NHa can be desorbed by thr prolonged 
passage of air. Lowering the tcmpcrature increases 
the amount of ammonia adsorbed by canist,ers filled 
with Type A or AB whetlerites. 

Thcsc observations clearly intlicato that the major 
process involved in the rt:t,c:nt,ion of NH:< by dry char- 
coal or whetlerites of T.ypc:s A or A8 is physical 
adsorption. On equilibr&tl atlsorbents of these types 
t,his process is followed by solut,ion of the ammonia 
in the adsorbed water. The enhanced protcation 
afforded by ABC wllc!tlr~rit,o would seem to indicate 
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that chemisorption on or rcuc%ion with the chromium, 
probably to form complcxcs, may play an apprcciuble 
role in the mechanism as well as adsorption and 
solution. 

Though a considerable amount of work has been 
done with ethylenimine [EN], this gas may br dis- 
missed very briefly by a comparison with ammonia. 

In the case of a whetlerit,e which had a O-O capacit’y 
of 2 mg of NHB per ml at an influcnl concentration 
of 6.8 mg per 1, the capacit,y for EN at O-O and an 
influent concentration of 3 mg per 1 was found to be 
50 mg per ml. RN, having a higher molecular weight 
and lower volatility than NHS, & much more strongly 
held. Indeed KN is more strongly held by the char- 
coal than by solution in water and consequently the 
capacity dccrcases as the moisture content, of the 
adsorbent, is increased. 

Like ammonia, EN can bc desorbed from whet- 
leritc, but, I~IC tlcsorption ix slow. The effect of tem- 
perature on the performance of a wlietlerite against 
EN is similar t,o its cffcct, in the case of NIT,. No 
volatile products arc evolved during the adsorption 
of ethylenimine and there is 110 regeneration of the 
adsorbent upon standing. Thus it, is rcasonablc to 
postulate that physical adsorpt,ion is the principal 
process in the removal of this gas. Tt, is possible that; 
polymerization takes place to a minor extent, on t,hc 
adsorbent, but at best this could only play an insig- 
nificant role in the retention. 

Other amincs whose tube lives have been deter- 
rnincd for comparison are trimctl-iyloriiInioc, piperi- 
dint, N-methyl ethylenimine, methyl cthylenimine, 
pyridinc, dicthyl amine, and ally1 amine. The pro- 
tection against all these amines is greater t,hnn that, 
against ethylcnirninc. 

Because of the nature of the impregnation now 
employed on gas mask adsorbcnts, basic gaecs arc 
retained primarily by physical adsorption. However, 
of all of tlic basic gases stutliod tJo date, only ammonia 
is inadequately rc?movod from the gas ntrcam. The 
limitations of molecular weight, and volatilit,y for 
gases of this type to ponetrstc the gas mask arr quite 
stringent. l!Jvon if these limitations wcrc to bc cir- 
cumvented, Ihc resultant gas would probably have 
to be hydrolyzrrblc in order to 1,~ toxic. In sr~ch m 

event the agent would most, likely behave more 
nearly like the acidic gases than like the basic gases 
even though the intact molcculc were basic:. Thus it 
seems unlikely that a gas of t,his class will bc found 
which at, the same time will be very effective against 
protected troops. 

Nevertheless, ammonia is deserving of some con- 
sideration. Aside from it>s potc!nt,ialit,ies as a harassing 
agent, it is conceivable that8 it, might, be used to good 
advantage preceding attack with an odorlcsx lethal 
gas. Poorly disciplinotl t,roopc: might, hc oxpccted to 
romovc their masks during xubst:quc:nt, at&k rather 
t,lian endure t,lic: irrit:~&on of the: dosorbing ammonia. 
1 t must be remember(:d, liowcvcr, that, t,hc presence 
of NH, on th(? adsorbent, incrcasos, rat,hrr Ihan de- 
crcasos, tlic! protJontion against, acid gusts. 

1.2.4 Readily Oxidizable Gases 

Oxidation has been postulutcd as a possible reaction 
in t,lie mechanisms of rcmovsl of pliosgcnc [reaction 
(2)], nitric oxide [rcsction (12)], and cyanogen 
chloride [reaction (30)]. ‘I’hc oxidation of phosgene 
plays an insignificant, part, in the proscncc of water. 
It seems also probable that, oxidation of cyanogen 
cliloritlc is of sccondsry irnportanc:r: in comparison 
with hydrolysis under usual conditions. The primary 
process in tlic rnccliunism of chc~rnicul removal of 
nitric oxidc, no doubt,, is oxidation to NOa. The lack 
of adcquat,c: prot,c:ctiori against NO is probably due, 
first, to the weakness of the physical adsorption 
which must precede oxidation, and second, to tdlr 
regeneration of NO by reactions (8) and (IO). At, :my 

rate the nul~rre of the reaction products from CC:, 
Cl<, and NO and the nature of t,he reactions ot,her 
than oxidation which these gases undergo, lc:~.tls to 
their classification as acid-forming gases. 

Arsine is the best known of t,he gases which are re- 
moved solely by oxidation. Since World Wbr I it has 
been OIW of t,hc s~J:-mdartl t,c:st gascn used by tho 
Chemical Warfare Scrvicc to cvaluatc gas mask ad- 
sorbcnts. In addition t,o tlic innnmcr:~iblc specification 
tests which tiavc b~c:n run, :.t c:onsitlcruhl~ amount of 
research has been tlcvotctl Lo 1l1(: stud+y of the mecha- 
nism of its removal. It is possible that oilier arsenic::& 
undergo similar oxidalion on whetleritcs. The arscni- 
cals that, have been consiclercd as possible war gases, 
however, have! high molcc~~lur wei&ts and low vola- 
tilities and arc conscqllenlly slrongly adsorbed. 
IGn+:rmorc, they are generally readily hydrolyzed, 
yielding nonvolatile products. Thus, such gases do 
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not, constitute a hazard to the Icspirator’y tracts of possible reactions which might occur in this system. 
mankctl men rcgurdless of the nature of the gas mask The thrt>ct most, probable ones MC : 
adsorbent,, and hence they have not been studied 
and are not considered in this discussion. 

Carbon monoxide should also be consitlcrcd a 
member of this class. A slow oxidation of Cc) to CC)2 
is known to occur on whetlerites. I6 Novcrthclcss. 
because of the weakness of adsorption of CO on 
charcoal and of the slowness of the oxitl:~&n, the 
protection afforded by the gas mask is cntircly in- 
:tdequat,e. It has been necessary to tlcnign xpccial 
canist,ers and adsorbents to cart for this gas; the 
research along these lines in tlist:ussr~tl in Chapter 12. 

2AsIIa + 30Z = AszO:< + 3HzO: (371 > , 

4hsHa + 30s = Ihs + GH,O. (3% 

H&, As& 41. 42 md AszOa PJ tiavc: been identified 
as the: major produnt,s of reaction of arsine on char- 
coals arltl whetleritJca. Though As hue not been 
specifically iclentifiotl it is possible that reaction (38) 
plays :L rninor role in the removal. 

ARSINE (As&; SA) 

When whetlerites are exposed to C-air mixtulos, 
large rises in tcmperat,urc? art: obs(?rv(:d.4’1 If tlic whet- 
lcritc: is ~xpox~d to Sh in tlic abscnco of oxygen, no 
groat tJicrm:d cffcct, is obnc!rvc:d until air is ad- 
mittcd.41 

1‘1-1~ arninc: ~ubc: lift of ‘l’ypc A wl&lcrile,Zi9 both 
dry and moist, decreases with decrease in tem- 
perat,ure until a minimum is reached at about 
- 10 CJ alter which the life increases markedly. T%asc: 
charcoal exhibits a contimicd increase in life with 
decrease in temperature until the life becomes 
identical with that of the mhetJlerite at, and Mow 
.- 30 C. An important, difference between the two, 
however, is that, even at - 45 C: the passago of pure 
air tJhrough the bed soon after the break point, mtl at 

the same: t,c?mpcrature failed to rcmovc any appreci- 
able amount of arsinc from the: wlicllerit#e while 
considerable quantities could be desorbed from ttic: 
base chrcoul. 

These observations clearly indicat,e the occurrcncc 
of a rapid oxidation reaction on the whetleritf+. At, 
t,emperatures below - 30 C t,he physical adsorption, 
which must, precede the chemical reaction, bccorncs 
the charact,erizing st<ep because t,he removal of ad- 
sorbed BA by reaction is too slow t>o :~pprc:c:iubly alter 
ra,to or effnctivc: capacity of :uisorption; the whet- 
lerit,e therefore behaves like the parent, base charcoal. 

Calorimetric st,uclies of t,he removal of arsinc: intli- 
cat,e that the energy prodllction is not the result, of a 
single unique reaction. 42 One of the simplest, ways to 
int,erpret the observed facts is to postuM(: that two 
or more reactions are occurring and that, tlic relative 
amount,s depend on t,he experimental contlilions. 
Such postulation had been offered previously in ex- 
planation ol t,he fact, that, Cc,t to the tmxk point, 
increases with increasing Co. Thcrc: arc a number of 

-.,+-TYPE AS WHETLERITE; COCONUT CHARCOAL pjGJclq 
100 - 
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RELATIVE HUMIDITY 

For Type A whctlcritcs prepared from most types 
of base charcoals, the SA tube lives 30 incrcuse at first, 
with increasing humidity of gas mixt,urr: and char- 
coal, pass through a maximma bctvveen 30 and SO”/;, 
ICH xnd then decrease: rapidly. These observations 
arc consistent, with the pontulutes that, physical ad- 
norption is the first, step ant1 that water catalyzes the 
oxidation ; at, high humidities the adsorhcd water 
muses a reductiori in tlic! rate of adsorption t)o tllf! 
point, that, this becomes the limiting process. Type A 
whctlerites made from some charcoals show a con- 
sistcnt decrease in life with increase in humidity at all 
humidities; in such cases the rate of adsorption is 
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probably thf: limit,ing feclor t,hroughoul thf: wholn 
range of humiflitics because of the structure of thf: 
charcoal. 

Silver-irnprf:gSnatetl charco:tls arc quite inefff:f:t,ivf: 
against SA at low humidities, beet tlisplny high maxi- 
mum lives in the vicinity of 80(x, I<.FT. Metallic 
silver, in conjunf:tion with water, is an escellcnt, 
catalyst for one or more of the oxiflation reactions. 

Type AS whf:tlorites exhibit thf: additive propw- 
ties of the two sf:parat,e impregnantx (see l’igwe 6). 
Type AK: whetlwito behaves like Type: AS. 

Recause the wMlrritc: in the in flrwnt cntl of a bed 
flof:s riot, become saturat,f:fl 3K during a tub0 test the 
lift vs thickness plfh arf! definitely f:urvf:tl. Tndeed 
it in fMicult to define a fisturation wtluf: for YA. 
After a pwiod of relat#ivf:ly rapid removal of Si\, 
whctlcrit,c: continues to absorb the gas very slowly 
over long periods of time. Thin phenomenon seems to 
be flue to two factors;41 (I) some of the profluct 
oxides are xpparc?ntly chemisorboti on the catalysL, 
thus reducing it>s effecCveness, and (2) the initial 
rapid reaction t,skos place near the cntrance of each 
pore and thf: products partially block the channels, 
making diffusion into the activt: innw surfaces and 
catalyst very slow. At any rate, the: amounts of SA 
absorbed per milliliter of whetbit,c arf: so excessive 
over the amount, required for reaction with t,he Cut) 
present in Type A whetlerite that, it, is obvious that 
tJic! impregnant) acts primarily as a catalyst, and fIof+s 
not participatIe solely in a metathet,ical rf:action. 

This conclu& is in twf:ord with t,he observation that, 
oxygen is necessary lor tJlif! reaction Lo proceed. 

Bcf:ausf: of the insurmountablf~ clii?iculties involvetl 
in the storage and dispersion of arsine, d11c mainly 
to its instability, it, is not considwed as a likely war 
gas. Tlif:rnfore, observations made in the prf:ceding 
section rnc:rc+y serve to indic:atJc: the possibility of 
attaining :tfL!fluatf: protection against, readily oxi- 
dizable gasf:s by suitable impregnation of charcoaI, 
provided that Iho gas is so strongly atlsorbed physi- 
cally by the charcoal that, this nwcssary initial step 
floes not becomf: thf: limiting process in the removal. 

It, seems unlikely that, any other nonpwsistent gas, 
which could be removcd by such oxidation processes, 
would be sufficiently stable? to undergo dispersion 
from explosive munitions wit,hout &mica1 change. 
Snf:h f:ircumstance woulfl prfwnt a serious limitn- 
tion to its use. 

7.2.5 Keadily Rcclncible Gases 
The only redurihlf: gasf!s which have twf:n studied 

to cl:& are NO, and CIZ. NOa was considcrf:tl in do- 
tail in a previous discussion because it hchavf:s as an 
acid-forming gas. Ctilorinc was riot used or considf:rf:fl 
as a war gas in World War 1 l and t,lierelorc its t)f:- 
havior wk not, studied in any of the Iaboratorif:s 
dealing with absorlwnts. 



Chapter 8 

THE AIXORPTION WAVE 

By Irvi~ng M. Klotz 

x.1 1NTHOI)UCTION 

T IIE GENERAL OBJWT in the study of the ad- 
Forption wave has been t,o obtain an under- 

stJanding of the various factors which dctcrmine the 
variation in concc!nt,rat,ion of a toxic gas effluent, 
from a bed of charcoal. Thr! study of Ihe adsorption 

wave includes the consideration, from an experi- 
mental and theoretical point, of view, of t,lic distribu- 
tion of t,oxic gas throughout a bed both on the ad- 
xorbcnt and in the air above t,hc adsorbent. 

A typical distribution curve showing the concen- 
tration of gas in the air above various points in the 

bed of stlsorbc:ntj is shown in P’igurc IA. The curve 
for the conccrlt,rtl(,inns which would bc in equilibrium 
with the adsorbctl gas at various points in the bed 
would be similar in &ape but displaocd slightly to 
the: Mt. Tli~ term udsorplion wave is generally ap- 
plictl to the movement of these distribution curves 
(t,o the right in Figure IA) during the continuous 
passago of gas-laden air through the bed of ad- 
sorbents. 

A complete mathematical description of the wave 
would effect, a number of important consccluences. It 
would be possible to predict the performuncc of a 
particular canister from a minimum of cxpcrimental 
data and without, cxhuustive tests on the canister 
itself. It would also be possible to devise the best, 
test procodurcn from which to obtain the information 
necessary for the prediction and evaluation of can- 
ister behavior. A complete ur~dorxtanding of the 
adsorption wave would lead also to the detiign of 
the most, efficient type of canintcr. Equally important 
would bc the elucidation of the mechanism of the 
adsorption process for various gases on different 
typc:s of c:harcoal. Such an understanding would sug- 
gest additional trcaltments for the improvement of 
the adsorbent and would also indicate when the 
natural limit, to such improvement, had been at- 
tained. 

The problem of the adsorption wave has not, been 
solvc:d in its most general form, primarily because of 

the prodigious mathematical difficulties entailed. In 
connectkn with a similar problem of correlating the 
performsncc of small-scale and large-scale rcuctors 
in ohcmical engineering processes, the opinion has 
been expressed R that, the correlation is impossible to 
attain in a truly rigorous manner. Nevertheless, a 
number of simplifir~tl special cases of the adsorption 
wave have been consitlcrod and, with these results as 
guides, it, has been possible to develop several semi- 
empirical approaches to the problems of performance 
and mechanism of reaction. 
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It is r’ccognizcd generally that the rcmovnl of it 
toxic gas from air by a porous aclsorbcnt, may involve 
one or more of the following steps: 

1. Diffusion (mass transfer) of the gas from the 
air to the gross surfucc of th(> granule. 

2. Diffusion of the molncules of gas into (or along 

the surface of) the large pores of the adsorbing 
parWe. 

3. Adsorption of the molecnlcs on the interior 
surface of t,he granule. 

4. Chemical reaction between the adsorbed gas 
and the charcoal or adsnrbcd ox~ygq water, or 
imprcgnant. 

ThC~clativr: importance of each of thcst: four stops 
may vary widely with the partJicular c:ondit,ions 
under which the removal is taking place. The rstc: of 
mass trannfcr is influenced strongly by the flow rat0 
of the gas stream, by the diffusion coefficient of the 
gas, and by the particle xizc of the adsorbent, but is 
relatively unaffected by tempcrat,urc!. The impor- 
tance of diffusion in the porcx is tl&:rmined by such 
factors as the particle size, the! structural character- 
istics of t,he pores, certain diffusional propcrtics of thr? 
system, and the rate of reaction at the internal sur- 
face. The: spcctl of adsorpt>ion at the interface dcpcndx 
on the nuturc and extent of the surface as ~11 as o11 

the activation cncrgy for the adsorption of the par- 
ticular gas under consideration. Chemical reaction is 
also determined by the properties of the surface, but 
much more spct:ific: cff(:cts will be obtained than in 
adsorption. Since large activation cncrgies may be 
expected in steps (3) and (5%)) thest: processes will be 
highly sensitive to temperature. 

Usually, all four steps in the removal process may 
proceed with rates of approximately the same mug- 
nitudc, and hence a problem of extreme mathc- 
ma&al difficulty is presented. On the ot,her hand, in 
many situations one particular step may be much 
slower than the others, ad l-m~co it may be con- 
sidered t,he rate-controlling process. For a single rate- 
controlling pro(:css, a number of mathematical ap- 
proaches have been dovclopctl. A few sttompts have 
also tje(!ri made to treat, sit,uations with more than 
ant: rutc-cc.,nt,rolling step, and for certain special cir- 
cumstJances, partial success has been attained. 

8.2 THEOK ES PK I+: I>TC:‘l’T N (3 lCFFT,UE NT 
CONCENTICATION AS A VIJNC:TIC)N 

OF TlME 

The ult,imat,c aim of the mathematical analysis is 
an cxprcssion for the dependence of the effluent con- 

centration on time. Even without, such nn cxprcssion, 
however, some qualitative description of the shape of 
an effluent-timo curve can be given. Figure 2 illus- 
Lrates a number of int,eresting cases. If the rcaLc:tion 
m the charcoal were instantaneous and if the ud- 
sorbent were infmitclgr tine-g&led, none of the 
adsorbCable gas would penetrate until some time t, 
when the charcoal would be saturated, and then the: 
gas would penetrate at full inflllcnt concentration. 

k TIME- t 

b'TCIUR!x 2. ‘lhnsmissinn trf :I gas by nn ndxorhcnt. 

Such an adsorbent would exhibit a t,ransmission curve 
such as A in Figurt: 2. On the other hand, if the re- 
action is not, instantaneous, a curve such as B would 
bo cxhibitecl. This curve would be symmetrical only 
for certain simple rates of adsorption. In addition to 
these: two examples, ~:LSCS may be encounlcrcd (for 
cxamplc, in the removal of carbon monoxide) where 
the charcoal, or its impregnant, acts as catalyst for 
a reaction involving the toxic: gas. As a result, 
the el~l~cnt-concentrat,ion curve C’ may rise very 
slowly; and if the catalyst remains at least partially 
unpoisoned, tht: transmission of gas may never reach 
t,he full influent value. It, is also conceivable, although 
no such case has been yet, encountered, that the rutc 
of cat,alysis may bc vory high compared to the r&c of 
supply of gas. In such circumstances the trunsmis- 
sion curve would be t,he timt: axis, that is, none of the 
gas would penetrate. 

x.z..~ Theorics in Which One Step is Rate- 
Controlling 

Consider a stream of gas and air flowing through 
a bed of adsorbent as indicated in Figure IT% 
Each layer of the adsorbent removes a portion of the 
gas from the air, and hence the concentration of gas 
drops from an influent value of co to an cffiuenl, 
value: of c,:. A cross section of infinitosirnal thickness 
riz will reduce the concentjration from c t,o c + dc 
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(dc is negative). From the principle of conservation 
of mass it follows that: 

Quantity of gas entering = quantity of gas picked up 
by charcoal + quantity of gas loaving. (1) 

The quantity of gas entering ihe infinit,esimal sec- 
tion of bed will be equal to ttic! concentration c times 
the volume rat0 of flow L times the interval of flow 
fit: 

Quantity of gas entering = cLdt. (2) 

The amount of gas picked up by the charcoal will 
bc given by the rate: of pickup per unit volume fin/at 
times the volumt: of the infinitesimal section of the 
bed (area A X depth), multiplied by t#he interval of 
exposure : 

Quantity pickrd up by the charcoal = zi (Adx)dL, 

(3) 
The quantit,y of gas leaving th(> scation rlx will be 

given by: 
Quantity leaving = (c + dc)Ldt. (4) 

Setting up the equality demanded by the conserva- 
tion principln, one obtains : 

CL& = $ (Afkpt + (c + 

-dc = -.’ -dz. 
1, at 

dc) Lfa) (5) 

63 

Since c is a function of the variables x and t, tho 
total diffr!rcntial is: 

and since 

and 
L = VAa (9) 

where V is the linear vc:loc:it,*y through the interstices 
bclween the particles of the: adsorbent, and (Y is the 
porosity (that, is, ttic: fraction of voids per unit, gross 
volume of bed) one obtains: 

which can be rearrangctl to give 

1 an -=dc+17g. 
N at a1 (11) 

It is implicjtly ansumcd in the derivation of this 

equation that the concentration of gas is small and 
that diffusion in the dir&ion of flow is negligible. 

The solution to equation (11) depends on the 
mathematical relation one assumes for dn/dt, the: 
local rate of removal of the toxic gas by the granules. 
The particular mathematical form to be chosen de- 
pends on tho mechanism of the removal process. No 
matter which mechanism is visualized, the local rate? 
of removal would bo dcpcndent in general on the: 
following variables: 

1. 9%: nature of the adsorbent. 
2. That nuturc of the gas to be removed. 
3. The geometrical state of the adsorbent. 
4. The temperature. 
5. The local concentration of the toxic gas, as 

well as of other gases in the air. 
6. The relative amount of the toxic and other 

gases already adsorbed by the granulos. 
7. The velocit,y of the gas-air stream. 

In all cases which have been considered, it has been 
assumed that, the first, four variables arc maintained 
constant, but, that an/at may depend on one 01 
more of the remaining t,hree. 

UIFFTJSION ns THE RATIG-CONTR~LLING STEP 

Crcsc A. In some cases, one may oncounter a gas 
which has no back pressure on charcoal, but which 
ceatics to bo removed by the granules when the 
rnolcs of gas on the granules n approaahcs No, the 
saturation capacity of a unit gross volume of ad- 
sorbent for the toxic gas. Under these conditions the 
local ratle of removal would bc given by the relation: 

I th FM --=- 
uat ap ’ 

(12) 

where 1’ is the mass transfer coefficient, CG the super- 
ficial surface: per unit volume of granules, and p thr 
densit,y of the air-gas mixture. 

The: solution of the differential equat,ion may be 
resolved into two cases. For all times up to to when 
TL = N,) at the cntrancc: face, the concentration at, a 
given point in the: bctl is given by the equation.: 

C p’u z 
- = exp [- ---- --l- (13) 
cu q .I/ 

For Cmcs greater than t,,, the following relation holds : 

;;= exp[p-(;~~)4]. (14) 

Cusc 13. If a gas is adsorbed reversibly on charcoal, 
the equation obt,ainr:tl for c/cu dcpcnds on the char- 
acter of the adsorption isotherm. One of the simplest 
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c* = bn (15) 
where c* is the concentration of the gas in air ntrcarn 
at a givr9 point in tilt! bcrl in equilibrium with the 
charcoal at that point, and b is a constant. With a 
linear isotherm governing the back pressure of the 
gas, the cquution for the: Io~:al r:& of removal be- 
comes : 

zdsn I”a (c _ c*) . --zz- 
aat ap W) 

The solutions of the difforcntial equations, for the 
l)oundary c:ontlitioIls cncountPered in charcoal, are 
well known because complolo1.y analogous equations 
lluvc been encountered in the problcrn of heat, exY-- 
change in granular beds. Analytical rxprcssions, in 
terms of Bessel functions, for the solut~ionx arc 
cumbersome to handle, and hence the results arc 
given best, in the form of reference curves ol” c/ccl as 
:I function of th(h important, variables. The curves 
worked out, by F’urnas I4 arc very incomplete in 
regions of low concentrations, the regions of great 
int,erest, in work on gas t,ransmission. Consequently a 
st:mi-logarit,tlmic plot taken from a report by IIougen 
and IIodge I7 is given in Ir’igurc 3. l’or values of c/& 
blow 0.01 see reference 10. 

Case C. Most, gases do not cshibit, a linear isotherm 
011 aliar~~otld. A hc?tt,clr approximation is the: Langmuil 

isotlicrrn which mrty l)e espumlr?d in LL power series of 
the form 

(17) 

whore K is a constant,. [Jsing the first, two t,erms in 
quation ( I 7) as a parabolic apy)rosimittion t,o the 
isot,tierm, one may substitute for c* in equation (l(i). 
Tlic solutions of the resultant equations in tcrxns of 
&nderd graphical procedurt>a havr been morkorl 
0ut.l~ 

Case A. The oarliost, analysis of the adsorption 
waw was made by Bollart, and Adams 4 on 11m as- 
xampt.ion that the toxic g:rs is adsorbed irreversibly 
and at a local rate of removal govcrnetl by the 
equation: 

.1 an 
- = k~c(Nn - a), 

(Y at 

wtiorr: /cl is a constant. 
A similar treatment, has beeri carried out mart: 

rccc?ntly.7 Roth groups of investigators have derivctl 
tllc: following expression for the variation of the cm- 

c:erit,ration of gas in the air Htream : 

z = 1. + [exp (- klcot)] [(Ixp (y )- I]. (1.9) 
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This c:qnat,ion in its various forms has been used very 
witlcly to inL(,rprc:t and to interpolate data on the 
performance of various chrtrcoulx. IJrd’ortur~nt,ely, 
present, indicat,ions are that) there arc few casts whort! 
the rate of removal of a gas by charcoal is govcrnctl 
primarily by adsorption or reaction at t,hc: surfanc~. 
Diffusion, or mass transfer, seems to make xomt: COII- 
tJribution to the slowness of removal of almost, all 
gases by charcoal, and hence equation (19) is not, 
st,rictly applicable. 

Cast 13. An attempt, has been made by Lint,c:r 2h to 
consider the relat,ions obtained when adsorption on 
t8he surface is the: rat+contJrolling step but for the 
special cast whc:rc: t,hn atlaorption is reversible and 
tJhc! adsorbed gas cxcrt,s :L back pressure. For such 
c:onditions, l,hc c:quat,ion for tlic local rate of ad- 
sorption becomes 

1 da ,. 
Ly at 

= k,c( TV,, - n.) - kz’n, cm 

where k:l and k2 are constants. 
No complete solution of the resultant, differential 

c!quat,ions has b~cn given. hpproximatJions have been 
given for thcb conditions obtained with fresh char- 
coal, but, tJhc: goncral validity of these has been 
questioned.‘” 

x.%.2 Theories in Which More Than One 
Slep Contributes to .Kate of .Kernoval 

L)IFFUSION IN AIH ANII DIGPOSITION ON SURFACE 

CONTRIBUTING 

It has been possible t>o c:onstjruct In :L differential 
equation for t,he local rat{! of removal on the as- 
sumpt,ion that the difYusion of the! toxic molecule 
from t,he air to t>he c:hart:oul and t,ho subsc?quent, de- 
position proc(lss, whct,hcr ahcmical or adsorpt,ivc: in 
nature, both contribute to the slowness of removal. 
The general c:qust,ion for this process has not been 
solved. Novcrthrlcss, certain special cases have been 
consitlcrcd, but, caeh of t,hem reduces t#o one of the 
single-step processes discussed in the preceding text, 
and hence does not, warrant, furthor elaboration. 

I~INJHON IN AIR AND PROCESSES WITHIN THE 

(.:RANULE CONTRIBUTING 

A very d(&ilcd aonsideratJion of t,he nature of t,he 
proccpscs involved in the removal of gases by ad- 
sorbcnts has been made.“7 Emphasis has been given 
particularly to diffusion within the pores and to the 
various factors which influence the cross-sectional 
arid longitudinal mixing in the intergranular spaces. 

Where the equilibrium adsorption of a gas follows a 
linear isotherm, the differential equations have brcn 
solvc~l and have: been shown to t)c! applicable to the 
c:xpcrirnc:nt,al data on t,hc: rcrnoval of Cc)z at, 100 C. 
For gases with rurvrd isotherms, however, the 
gr:nc:ral solution to ~hrl diffcrt&al equation has not 
been 0l)tuined though certain spcciul casts have: bocn 
considered. 

82.3 Comparison of Theories with 
Expcrimcnt 

None of the thr:ort:tic:ul approaches gives a satis- 
factory correlation of thr cxpcrimcntal data on the 
removal of a toxic gas by charcoal. Even with gases 
such as chloropicrin, where (as is shown lnt,c:r) mass 
transfer seems to be t,he rate-cnnt~olling step, t,he 
obscbrvcd dependence of effluent, concentration on 
tirnc! does not agree over any appreciable range with 
the curves given in Vigure 3. The primary cause of 
1,hc deviation, for ot,her gases as well as for chloro- 
picrin, is the curvature of the adso@ion isothcrrn, 
a condition which so far has not been incorporated 
into the wave equations, oxccpt in an approximate, 
empirical rnanr1cr.2!1 In addition t,o the curvature of 
the isotherm, a furthor difhcult,y that arises with 
most other toxic gases of intcrcst is t>he combina- 
tion of mass transfer with one or more of the suc- 
cef.+ding steps in controlling the rutc of removal of 
the gas by the adsorbent. Minor discrepancies may 
also arise from thermal factors. Tempc:raturc! changes 
in the removal process, which in some cases are 
many dcgrccs, may raise the back pressure of ~hc 
adsorbed gas or may affect the rate of mass transfer 
in the carrier &cam. 

Sufficiently fundamental diff(!rc!nces exist in the 
differential equations for the 10~~~1 rate of removal 
in the mass-transfer and surface adsorption mecha- 
nism so that one can determine the presence or ab- 
scnce of a slow, diffusion step. In equation (IS), based 
on surface adsorpt,ion as the rate-conLrolling step, 
the velocity C’ tloos not, appear, and hence, in the 
int,egratecl equation for c/c”, I/ will enter only as 
z/V as can be verified by glancing at, equation (19). 
Similarly, on expanding and rcurranging (19) to ob- 
tain an equation for the instantuncous break time, 
tb, an expression is obtained in which I/ enters only 
as z/V. In contrast, when mass-transfer (diffusion) is 
the controlling step, the velocity of flow rmters the 
equation for the local rate of removal, inasmuch as 
F, t,he mass-transfer coeficient, dcpcntls on the rate 
of flow. In consequence, the instantanc:ous break 
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time depends on V as well as on x/V, and a plot, of 
tb vs x/V gives different curves for different, rates of 
flow. (It should be emphasized that, the cumulative 
break t,ime, thaLt in, tdle time in which a total quant,ity 
of gas suRioicnt, to produce a change in sornc indi- 
cator has escaped from the beti, dopcnds on V and 
z/V whnthcr or not V enters the: csprcsxion for the 
local rata of removal. Thercforo, the c:umulative 
break time cmm~t, be used to distinguish bc:twt:cn 
mechanisms of removal.) Thus, :L cril,c:rion has been 
estahlishcd for detecting the prcsencc of a slow 
diffusional step. In Figure 4, t,his criterion is applied 
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to some data on c:liloropicrin.3S Tt is obvious from the? 
graph that, t,, tlr\pends on V as well an on x/V, and in 
conscqucncc, that diffusion contriblltes to the! slow- 
ness of rcmovnl of chloropiorin by c:harcoal. Consc- 
quent,ly, it, is unlikely that, the: theories basctl on 
surface adsorption or surface reaction as the ratc- 
controlling process will be applic:able to any chart:oal 
which has sufficient activity to make it useful in 
protection against toxic gases. 

Unfortunately, these relationships were not rea- 
iced in much of the early work and many extrapola- 
tions were made on the basis of the Rohart-hdams- 
Hinshelwood equation, 4~~ which is based on a surfacc- 
deposition, rate-controlling mechanism. The par- 
ticularly misleading fact, is ttic observation that in 
many circumstances a plot of log (Q/C - 1) is 
linear with time, a ncccssary c:ondit,ion derivable 
from equation ( 19). IJnfortunat,ely, such linearity is 
not a reliable test of the: applicability of equation 
(1.9), for all t,he other rncchanisms will also lead to 
such linear crquntions over wide ranges if suitable 
values are c:hosc?n for the constants. When constants 
for equation (19) are determined from plots of log 
(c,,/c - I) vs time, one finds that both ICI and NO 
vary with the rate of flow of the air stream. Such be- 
havior is completely at, variance with t,ho postulates 
of the: mcchunism and illustrates the inapplicability 
of the: equation to the removal of gases by the usual 
charc:oel udsorbents. 

x.3 SEML-EMPlRICAI, TREAT~MISN’I’S 

In the absence of a salisfactory comprehensive 
theory of the adsorption wave, investigators have 
been forced t,o dcvclop semi-empirical methods of 
treating data. l’rirnary emphasis has been given to 
equations which rclaix break time to the common 
variables such as bed depth, rate of flow, particle 
size, and conocntrution of influent gas. With the 
acc:urnulation of results from tlificr~nt modes of ap- 
proach, it has also been possiblr? to correlate certain 
rc?lat,ions with particular mechanisms of removal. 

X.3.1. Factors Affecting Break Time 

NATIJRE OF J~LOW IN CHARCOAL 

l‘hc flow of fluids through beds of granular solids 
is very complicat,oti in nature because the channels 
are very tortuous and nonuniform. lt is impossible 
to fix the dimensions or number of channels, as two 
streams rnay frequently merge or a single stream may 
reclistrihuta itself into several new paths of flow. 

8ince sudden contractions or enlargements in the 
intcrgranular spaces may occur, it is quite possible 
to have both streamlincxl and turbulent flow occur- 
ring simirltaneously in diffcrcnt portions of a granular 
bed. In consequence, then? is a much slower t,ransi- 
t>ion from conditions of laminur flow to those of Iurbu- 
lent flow in the passage of gas through an adsorbent, 
bed than there is in the flow of fluid through pipes. 
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Usually the nature of the flow of fluids is studied 
by measuring the pressure drop in the 1~1 or pipe. 
Correlations are then ma&: with the dimensionless 
psramctcr known as the Reynolds number, D,Vp/p. 
When a graph of a function of the pressure drop 
known as the friction factor 15, lti is plotted against 
the Reynolds number, two linear portions arc 
observed which intersect at the c~iticul 13eynoldn 
number, a value: corresponding to conditions under 
which laminar flow is t,ransfnrmed into t,urbulent, 
flow. 

In studies ma& of the flow of fluids t,hrough porous 
carbon,lfi a critical Reynolds number of about 4 has 
been four~L Extensive work has also b(~?n carried 
out on the flow of gases through beds of charc:oal.24 
Two representative curves arc shown in Figure 5. 
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l’rom these curves and other data, it has been tori- 
c:lucL:d that the critical Reynolds number is nhout 

10 in the charcoals investigated. The Service lal-,orra- 

t,orics 38 and two English workers 20 have found :A 
I,ransition in the same: region. But it, cannot, 1~: cer- 
tain that, t,hc Ramp critical value will 1~: observed 
with all charcoals of any possible shape: since it is 
quite conceivable that curious shape: facIors may 
occasionally be encountered in view of the: rather 
arbitrary use of particle diameter I),, in place of 
pore size in thr l<.c:ynolds number. In all 1~11~ work 

tfcscribed here, howcvcr, it has been assumed that, 
the critical region is in the neighborhood of a Reyn- 
olds number of 10. 

‘I‘rrs EFFECT OF l31+m I)EPTH 
The dependence of canister or tube life on the 

depth of charcoal has been investigated more widely 
than has the dcpcndence on any other variable. The 
reason for such emphasis is perhaps obvious, for the 
amount of adsorbent necessary determines very 
largely t,he hulk of the canister. Life-thickness curves 
have become, thcrcfore, the most common method 
of representing the performance of a charcoal. In 
consequence:, t,lic interpret,ation of performance in 
terms of the mechanisms of removal has revolved 
around the? elucidation of life-thiokncss curves. 

General Chnracter nf Life-Y’hicknesx Curves. A nur- 
vey of performance dat,:1. shows t,hat two types of 
life-thickness curves arc encountered. The simplest, 
case is a linear relation such as is shown in curve A 
of Figurr: 6. Most organic: gases when tested in a dry 

1 

1 
DEPTH OF BED 

condition against, dry c:harcoal exhibit linear lifc- 
thickness curves. Tn principle, a break-time test using 
a cumul,ative indicator should not show a linear re- 
lation with bctl depth, at least, not, at small depths, 
hut this lack of linearity is frcqucntly overlooked 
because few t&s are carried out, at very small 
depths. Curve B exhibits a very common observation 
of c1irvature at low lives wiGi a tendency t,o linearity 
at, high break times. Suc:h bahavior should always by 
encountered in cumulative: tests of the break time. 
It is also usually observed when tests are carried out 
with humidiIied gases and charcoal, and in sorn(’ 
cases occurs in tests under dry conclitions. 
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Whet,her or not, curvature occurs, the lift-thickness 
curve intJersectJs the bed-depth axis at a finite value. 
Tt follows than that8 t,here existIs a critical bed tlcpth 
below which the: life is zero. This critical Icngth 
varies with the conditions of flow, concentrat,ion, 
mesh size, sensitJivity of the tlct&or, and the 
nature of the charcoal. It is t8his manifold dependence 
which has engaged much attention. Numerous at- 
t,cmpts have been mado to correlate these variables 
in some convenient analytic cxpiwsion, for in small 
beds as in canisters, it is the critical botl depth which 
primarily determines t,he degree of prot,cct,ion. 

The Mecklenbzrrg Eyuuticm. A vary convenient, ex- 
pression for the linear life-thickness c~~rvc has bncn 
derived by Meaklcnburg 2R from elementary con- 
siderations of conservation of mass. At, the break 
t’irne a ncgligiblc portion of t,hc toxic gas has pene- 
trated the bed, and hence one can assume that: 

Weight of gas supplied = Weight of gas 
picked up by adsorhcnt,. (21) 

The weight of gas supplied by the air atrcam is equal 
to the time of flow (the break time in minutes) t,imes 
t,hc rate of flow L (in liters per minute) times the 
concentration (in grams per liter). In turn, the 
pickup by the charcoal may he nrbitrariky considered 
as occurring in a certain portion of the bed instan- 
taneously and up to the saturation value, while the 
remainder of the bed, defined by Mecklenburg as the 
dead Znyer, remains completely free of gas. As was 
omphasizcd by lM~:c:klcnl~urg, tlw doad layer is a 
purely fictional concept devised merely to facilitate: 
the derivation of the following equation and t,o obvi- 
ate the necessity of considering in detail the distribu- 
tion of gas in the bed of adsorbent,. With this arbi- 
trarydivision it, followsthat the amount picked up by 
the charcoal is equal t,o the saturation value per 
unit volume t,imes t,he area, times the difference be- 
tween the bed dopt,h and the dept,h of the dead 
layer h. In algebraic terms the r:qualit,y in (21) may 
hc expressed as follows: 

tiJ& = NoA(z - h). (22) 

This equation may be rearranged readily to give an 
expression for the break time, 

As has been pointled out, previously (Chapter 2), 
the slope of the life-thickness curve for a fixed rate 
of flow, input, coricc:rit,r:lt,iori, and bctl cross-section is 
a measure of t>hc capacity (JVJ of the charcoal. Ij’or a 

systcrn which ol)(:yfi t,liis equation throughout the 
complctc life-thickness wrvc, t>he dead layer h, and 
critical hcd dcptli 1 must 1~: equal, so that 

The grcut deficiency of equation (24) is t,hat it 
cannot, bo used to cxtrapolat~e information from one 
set, of flow or concent#rat,ion conditions without 
further information on the dependence of the critical 
bed dopt,h on thcst: variables. The wave theories dis- 
cussed in precctling paragraphs set aort>Cn roquire- 
mentn for the variation of critical bet1 dept,h, and 
where these thcorics arc applicable they may bc used 
to extend equation (24). Further details arc COII- 

siticred in a subsequent section. 
Clurvatwe Due to Cumulutive Method of Test. If the 

break time is defined in terms of the period necessary 
for a total cumulative amount, of gas to penetrutc 
the bed, it can be shown that the life-thickness curve, 
cvcn in the simplest mechanism of removal, would 
obey an expression of the form 

In general, equation (25) would not 1)~ linear; how- 
ever, for large bed depths, the first term inside the 
brackets becomes large in comparison to the second 
term and t,hc oquat,ion as a whole approaches the 
linear relation: 

t, = YL$ + j&. 
” 

These predictions are in agreement with the behavior 
observed in cumulutivc tests. 

C~urvnk~re i,n. Systems lJ.%g Imtuataneous Tests. 
In the testing of Type! MC charcoals with cyanogen 
chloride, it has always bocn observed that t,hc life- 
thickness curves for humidified gas streams and 
humidified charcoal show pronounced curvature at 
small bctl depths but approach linearity with deep 
beds. Curve B of F’igure Ii is a typical example. The 
increasing slope of this curve with increase in bed 
depth implies an increasing capucit,y, per unit vol- 
ume, of adsorbent for the toxic gas. This expec- 
tation has been verified by an examination of the 
rlistribution of gas &orbctl on the hctl at, various 
time intervals. For a substance such as chloropicrin, 
which exhibits a lirlear life-thickness curve on dry 
charcoal, the amount of gas taken up by a unit 
volume of charcoal rcuclics a maximum which is not 
surpassed by increasing t,llo time of cxposurc of the 



SEMI-EMPIHIC:AI, THlSATMENTS 177 

bed to t,he toxic gas. As a result, t,he distribut,ion 
Zurich bchuvc: as nho\\-u in I+gure 7A. In conLrast>, :.b 
humitlifiod ASC cl~arc~oal shows a continuollxly in- 
crcaxing capacit,y, pr:r unil volumq for cyanogen 
chloride and in r0nscqucncc exhibits a set, of distrihu- 
tion wrvcs such as is shown in Ngure 7T3 (Wiig). 
The (:apacit>y of t,llp inflnont, end of the bed ap- 
pro:tclies, but never quite rea~:lics, a trun saturation 
value, probably because a second slow rc:ac:t>ion 
follows an initial rapid one. Consequently, the dis- 
tributlion curve is displaced upward as well as to 
the right, toward the inside of t,he bed. 

(A) CHLOROPICRIN 

S- 

5 IO 
BED DEPTH Ithi) 

(a) CYANOGEN CHLORIDE ’ 

Jn a number of casts, t8(~sta carried out wit,11 dry 
gases on dry base charcoal have! also shown CIII’VU- 
Lure in their life-thickness curves. A typical example 
would b(: mc%hyl alcohol or ct#hyl chloride. The 
curvsturc: in all such cases, however, is loss than t,hat 
observed wiLli c*yanogc:n chloride. Although no dis- 
tribution ~III’v(‘s w(:r(: oht,ained for thcsc dry ox- 
amples, it seems likely that in these cases also some 
slow scaondary rc:ac%ion occurs in addit,ion to t,he 
initial rapid one. For rncthyl alcohol it is possible 
that an oxidation proc:c:ss in being catalyzed hy the: 
charcoal. With other inrrl. g:1s(:s, and perhaps also 
with methyl alcohol, it scc:ms likely t,hat the slow 

reaction is a diffusion process witShin the pores of the 
granule. 

Tt, can be shown za from c:onsitl(:r:itiolIs similar to 
those discussed by IIurt, ly for the tlr+i of catalytic 
reactors, t,hat if more than one step contributes to the 
rate of removal of a gas from Lhc: carrier stream, the 
crit,ical bed dept,li I will hc tlic sum of two terms It 
ant1 1,. 1, rnpresent,s the portion of Lhc crit,ical bc:ti 
depth tluc to the slowness of diffusion of gas from tllc: 
air sLrcam Lo t,ho surface of the charcoal, whereas 
I, reprc>sc:nt,s ttic: fraction due to processes occurring 
within H. charcoal granule. Since the critical bed 
cieptSh can he thought, of as t,hn distance which the 
gas may pen&rate i,lic? bccl before its concentration 
is reduced Lo t,hr, brnak value, it seems reasonable to 
expect, a cc&in minimum value of I for a fixed set, 
of conditions, which would represent the smallest, 
penet,rable depth possible, cvon if overp process in 
the granule were instnntanc:ous and t,hcb rate were de- 
termined entirely by the speed with which the gas 
diffuses t#o tli? particlc. This limiting valuf: of I for :i 
fixed set of conditions would bc IL. -Any critical botl 
tlnpth above It must bc Llic (:ont,ril~ut,iorl of tlirl 
processes within the granule. That this contribution 
should he an additive term, rat,hcr than a muIt-- 
plicative factor, has heen shown in principle by 
Hurt,.‘g 

‘I’ho crit,ical bed depth due t)o diffusion, II, can be 
cxprcsscd 23 in terms of a number of familiar param- 
(:Lcrs, intlepondent of the-nature of the charcoal, but 
dcpcntlnnt on the properties of the air-gas mixture 
ant1 on t,hc: granular characteristics of the bed. Con- 
siderations* of tlirncnsional anal.ysis laatl to the co11- 
c:lrision Lliat at, .‘L fixctl ratrio of influc!nt to cfflumt~ 
concentration, I I should h(: a function of the particle 
size of Llic granules, arid of two dimcmsionlcss param- 
eters D,,C:/p and y/pL),,, the Reynolds number and 
Schmidt number, respectively. The specific function 
which has been adopted is essentially t,hat, of Gamson, 
‘l’hotlos, and Hougcn : 

In t,hc cL?rivat,ion of t,his equation, it is assumed that, 
cU/ct3 is very large. Strictly speaking, this equation 
should I,(: applicable 0nl.y in cases of turbulent, flow, 
X)111 iL has been found that in the region of laminal 
flow in charcoal, I, is approsimatctl satisfactorily by 
equation (27). For a fixed ratio of inHur:nt, t,o effluent 
ron~cn~,n~t,ion, the: cqustion cxpressos the variation 
of the critical hod depth \vith perti& sizcb D,, rutc ol 
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flow C, and diffiwion cwcfficient of t,he gas I),. ‘l’hc: 
factor a, the: superficial surface of the gram~lo (ig- 
noring port sl,ructlure), depends on t,lic puriiclc sixe 
and on the porccntagc of voids in the bed. Values of u 
have been calc:ulat,cd and are tabulat,ed. Ii, Where 
the at~solutc value of It is not, tlcsirctl but, only the 
form of the equation is necessary, one can suhstitutlc: 
the following npproximatc: equation : 

IL = Constant, X T$,. (28) 
The power s t,akns into account the variation of pcr- 
ccntago voids wiLli particle size and gcncrally hits a 
value slightly loss than 1. 

J’or cor~vcni~ncc in comparing data on critical bed 
depths with analogous performance data in &mica1 
f!ngineeririg proccsscfi, the following transformation is 
1Gful: 

H t  is called the hei@ of Q transfer unit. 
In contrast to Tf, T, would 1,~ a complex function 

of the structure ant1 nature nf the charcoal and would 
1)~ specific for the particular gas being removctl. 
While it, would 1~: independent of t,he 13c:ynoltln 
number, it, should [judging from consequcnccs of 
equation (19)] vary directly with the rstc: of flow of 
of t,hc gas-air stream, and it, may b: quite sensitive 
t,o tempcraturc. Since many of these varisblcs cannot 
be est,imst,c:tl in any general may, it, is only possible 
t,o suggest tlic following relation for I, (on the as- 
sumption that c(,/cb is large: ant1 that the reaction 
is first order) : 

I, = i&v 111 ’ - (30) 
Cb 

‘l’llc total critical bed dept,h, t,hereforc, sl~oulcl be 
given by the expression 

+ L,Vlnz . (31) 

To determine the relntivc cont,ribut,ions of It and 
Iv, one may proceed in at, lnast t,wo ways. One np- 
preach would be to calculntc II from equation (27) 
itncl obtain I, by tliffcroncc: from tlic total critical hc:tl 
depth. To facilitat,o tllcsc: calculations a series of 
graphs has been prcparctl in which It is plott>c:tl :LS a 
function of t,he common varial)lCs.2:! A second ap- 
proach is to ol)t.ain data on I as a funct,ion of t#he 
linear vc:loc:it>y I/, and then t,o plot the tlat~:~ against, 

Vu-““. It is obvious from equation (31) that for all 
conditions, except, flow rate, fixed, 1/V may be 
expressed as 

I 
-- = k,v-“.s~ + km, 

V 
(32) 

where ,Ic9 :ultl k,” arc constants. Thn intercept of the 
lint: ol~tainctl is a relative mcasurc of I, and Llle 
value: of the first term in cquat,ic~n (32) at, any 
parlicular linear velocity is a r&Live measiirc of It. 

‘I%: variation of the critical burl tlopth with particle 
size depends on the rclativc importance of the two 
terms in equation (3 I ), that, is, on the mechanism of 
the: rcmovul process. If the slow st,cp in the granule 
is sornc siirface reaction, T, will l)c independent, of 

particle size, whereas It will vary as some power of 

D,, usually near I .4. If diffusion in air and surface 
reaction contribute ahou2, equally, a plot, of I against 
D, will approach a finite limiting value as D,, ap- 
proaches zero. This is illustrated by curve h in 
Figure 8. If mass t,ransfer alone is rate?-c:ontrolliIlg, 
one obtains a similar curve (73 in Viguro X) but, with 
an intercept, at the origin. In contrast,, if the surface 
reaction were r:Lt,(~-(:oIl1rOllillg, I woultl be inde- 
pendent, of granule size, as is illust~ratotl in curve c 
of Figurr! 8. 

Whcrc: both terms contVributc appreciably to the 
critical bed depth, one obtains an interesting graph 
in a plot of break time versus particle size. Jpor large 
sizes, t,hr: life is lfws than that, for small particles, but, 
as ~11~ granule size decrcuscs the life rises and ap- 
proaches a 1imiLing vnluo, rorresponding to contli- 
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The vwi:~l.t,ion of the: critical bed depth with vc- 
locit,y of flow &o tlcpc:rltls on the reldve import~anae 
of tlw Lwo kwns in cqrwtiorr (3 I). If the slow step is 
:t rcrwtion in the gmn~dc, I will vary directly with 
the velocity. Tn contIrast, if’ mass trunsfcr is r:.t.t(:- 
cont,rolling I will vnry with the 0.4 power of tha 
velocity. Whew the two processes contIrihute, I can 
usually be expressed in terms of some powc’r of t,lw 
velocity between 0.4 :md 1.0, nkhough it must be 
wnlized th:d such >k funrtion would be merely ,211 ap- 
prosimat,ion to the: furitlamt:ntd one of equation (3 I). 

The :waildAe cvitlcnw intlicntes t,hnt, t,he crit,ical 
bed dept,h is >L logarihhmic function of cII/ch. 
According to cywdiori (3 I), the lognrit,hmic rdntion 
should hold for sny mcc:h:~nism of remowd. Sulkient, 

IO 

c 
OBSERVED VALUES 

z 
I 

1 
LINEAR VELOCITY -CM/MIN 

F’rcu~s 12. Water rernovrtl by chn,rcoxl. Dcvialiorl of 
rdwrved from compukd vnhes nf H. 

dnt:l on efIluenC concentr:ttion as :.t furwt,iori of time 
we available only for a few gases, so that, tlic: pre- 
dicted relntion h,zs not, heen t,ested adequul.c:ly. That 
it, dots hold for chloropicrin is shown in Figur’p 10. 

C.!hloropicrin is an example of it gas wlrosr: r:tLc of 
removal is governed primarily by the rate of diffusion 
t,o the pdicle surface. In TOgwe 11 the observed 
vltlrws of the rritical bed depth are plotted as a 
function of the linear velocity, and for comparison 
the clove calculated for Tt is also shown. The ob- 
served values do not, deviate significnntly from the 
c.xl~~i~latcd curve. Such behavior indicates no appr’e- 
ciaM: wntribution of nny factors other than mass 
tnuisfw (diffusion in air) t)o the removal of chloro- 
piwin, tit least not in the idial stages of t,he process. 
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In direct, contrast t,o chloropicrin is wat,er, whose: 
rate of removal sec!ms to hc governed primarily b.y 
some slow surface process. Exprrimentsl data on the 
r&r of removal of H205 have h~en expressed in 
terms of a quant,ity rr which may be defined by the 
equation 

H = --..I 
In C(,/C,, 

(33) 

Vsluos of 11 on a sample charcoal are shown in E’ig- 
urc 12. In comparison t,o the values to b(: c:xpcc:lcd if 
diffusion in air were the controlliri~ process, tbr oh- 
served values are very high and intlicatc: tbc large 
contribrltion t,hat, is mndc hy factors which appear 
within or on the granule. 

Other gases, such as cyanogcn chloride, are inter- 
mediate in behavior betcvccn wutcr and chloropicrin, 
in that diffusion in air and surfaca faoLors contribrrte 
almost, equally to the rat0 of rcmovul of Ihc gas. 

Dependence of Clwhiwl Bad Depth on Nahre of 
Adsorbent. It, must, 1~: roulieed that the relative con- 
tri but,ions of various stops Lo the rate of removal will 
be very sensitive! to t,hc: nature of the adsorbent,. 
This dependonce is wrll ilhlxt~rsted in t,he case of 
watc:r wh~rc diff(:rcnt base charcoals, having tlif%r- 
c:nt, port: structurcn and surface complexes, can react, 
with water with tliffcrcnt speeds and hence striking1.y 
influc:nc*c? the: critical bed dept,h or t,he value of UT. 
8imilarly, c:h:~rc:oalx Lreated with impregnants usu- 
uully rcac t, more rapidly with wat>cr, apparently bc- 
cause of their abilit,y to form hydrates, and llcnce the 
magnitude of H is reduced consitl~:raMy. In adsorb- 
ents such as silica gel, where the cornbinalion with 
water vapor at, low pressures is probably clue to 
hydrogen-bonding rat,hc!r t,han primarily t#o van der 
Waals’ forces, the: rc:moval reaction is ext,remely 
rapi4 and 11 appro:~~,c:lic~s the limit,ing value due! t>o 
diffusion iri air alone:. Thrbse factors are illustratc:rl 
by lllc valnen of H listed in Table I. 

Che,rcn.d, bnsc, (:wM-ll 2cNo 
CJharcnnl, imprqqded, CW8%: I-TTI:l 7-15 
Silica gel 0.5-2.5 

The measurement, of (*liti& btrd depths for char- 
coals which have beon subjcctcd to various treatJ- 
ments is a uscdul mc!tllocl of :m:tlyzing the results 
obtained. Vor gases ~u(:ll as cliloropicrin, at, least 

some of the available ~:l~:~~rc:o:~ls can rclac:t, so r:lpidl.y 
that t,lie limiting factor in l,li(: rc:moval of gas (the 
rate of diffusion to that granulr) has l~c~:rl r(!achc(l, 
ttrid it, is futile to attempt, to irnprovc? tl-if? :wJsor~~f~rlt, 

any further toward tlic?sc partic:ulttr t,oxic: rnat,c:rialx. 
On the other hand, toward most posxiblc t,oxic :~gants 

there is still sufficient, room for addit,ion:rl trcalmcnts 
or impregnations which m:ty spr:cd up proorsara 
which occur within tllc: gr:snnlo. 

h clear statcmcnt of what is meant, 1,~ capacity of 
a charcoal is not as randily available in :t Ilow type of 
c:xporirnt:nt, as it is in the static case. ln the latter 
sitnation, capacity refers to the amormt of gas 
picked up by a unit, weight, of charcoal after suffcient 
t,imc has elapsed for equilibrium to have been 
a,ttainc:d. The inapplicability of such a definition is 
parGcularly evident for a gas such as cyanogcm 
chloride where, as ia illustrated in Vigure 7H, thr: 
influent end of a bed still has not reachctl a &tic 
state even after 200 min. 

The primary value of a measurt: of capacit,y is in the 
prediction of the tlepc:ntl~nc:c: of lift: on hcrl depth. 
Consequently, it, is f:usl;orn:uy t,o cMmf: N,, in terms 

of the: slope of a lifc-thickness curve [see equation 
(as)]. In this manner, I,\VO s:rtnplcs which show 
linear life-thic:knc?ss CIII’VCS can 1~ compared re- 
liably in tlicir performance under a set of conditions 
requiring a slight extrapolation from the measurctl 
ones. It is realized of course that, such a capacity may 
be far clifferent from the final equilibrium value, 
even for gases removed by adsorption alone. Novcr- 
t,heless, it is more useful than :L tl&nitJion I)Hs(:~ on a, 

static experiment. 
Il’or small bed clept,hs, the: break t,irnt: is dctcrmined 

primarily by tJllc! oritical 1~4 depth of the adsorbent, 
iriasmunli as t;lic critical bed depth in a large fraction 
of the total bed. On t8he othor hand, as the bed is 
made deeper, the critical bed tlcpth b(?com(:s 1r:ss im- 
portant, whereas the capacity bocomcs increasingly 
significant, and in large depths is t,h(! tlctcrrnining 
factor. These relations bocarnt: cvitlcnt, in a com- 
parison of the linoa A and CJ in Figure 6. 

The capacity is also a useful frmction for esti- 
mating t,he maximum possible life OIW can obtain 
from a sample, T3y assuming H cril,ic:.tl bed depth of 
zero, one cnrl caIf:ulat,c: thr: tot,ul amolmt, of gas that, 
could be pick4 up hy the bed and, from t,he flow 
conditions, the: rnuxirnum limit, for t,he break t8imc 
(see “IMic:ic:nc:y of Canister,” Chapter 2). 
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8.32 Kquations for Canister Lift 

To prf:flid t#he perform,znce of cnni+rs under :Lny 
sf:t of conditions other than those uwfl in rnutinc: 
t,ests, it is necesswy to 1i:tvft f:orivr:rliftnl :malyt,if: re- 

lations for life RS >L function of the ronunon variithles. 
This problem has not been solved s~ttisl’ftctnrily 
f:xf:cpt in LL few sped c:~,sI:H. W hf?re thf: liff:-ttlif:knws 
relat,ions show tlistinf:t f:urvat,urf~, no sllilnblr: an:t- 
lytical method hat: hf:cn f:volvt:d lor extrapolating 
&a. Since m:bny t>f:st,s we carried out under humid 
conditions, in which f:wwttflre is generally observed, 
this large field of tf:sting still remains to be con- 
sidered. F-Tow:vf:r, in tedng under dry conclitions, 
wherf: linfw life-thickness curves nre obtdncd, wf:- 
ful flflual,ions Ior t8he break time h:tvf: l)f:fw fly- 
Vf~lopCfl. 

Under thesf: conflitions it ix a simple matter to 
combine thf: Mf:c:klcnburg rel:tt,ion for #?h and eqw- 
tion (27) for I ,. Tli(: rf:sult is the expression: 

It, ullow the predidion of t,hf: f:ornpl~tt: break-time 
history Tar any gas whosf: rcrnovul is controlled by 
mass transfer after th(t tlf:t,c?rrrlirlLttio~l of one constant, 
:Vn, t,he capacity of the f:lww:tl for the particulnr 
t,oxic mat,erinl. Thf: diffusion coeficient D,, of the g:,2s 
can be &im:ttf:d rfwlily Irnm relations avdlablfr in 
the literature, or in most cases can be estimatfd 
suficiently from 01~ molecular weight> curvf? illus- 
t8rntetl in @‘igrwe 13. Tables of a, thf: nupf:rfif:id are&, 
for vwious p:wticle sizes anti pc:rt:f:nL:qf: of void 
spacf?s :~rfl listecl.lS All otlif?r const>ant,s may be 
evdu:Ltd from the condit,ions of flow arid from tlw 
dimensions ol the adsorbent hcfl. 

Tt, hss hf:f:n slww~ that under thf:sf: f*ouflit ions tllf> 
critic:ll bf:tl tlept,li mny be expressf!fi as :I, swri of t~M’0 

(,crms, e:tch of’mhich f:ont,:~~ins tllr: linear velocity Vto :L 
different power. Eqidion (81) lor Z could be insf~rtfd 
into t,he Mecklf:nburg relation but the resultant, ox- 
prcssion ia not, as convf~nif~nl, lor fn:miprdation ns an 
dternative devt:10pf~fl.2” 

It has been obsf:rvcfl in most, experiments that ::t 
plot, of t<hc crilif::d brd clept,h versus the logwithrn 
of t8he de of flow f:an be approsim,zted sutif~ic:nLly 
well by it st,r:Gght> lincl. Befallse of t,he large wrfjrs 

I 
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inhf!rf:nt in thf: fif:tf:rminat,ion of the crit,id l)f:(l 
flf:ptli, thfl rfdutiou 

z = C:onstant x V”, (35) 
wherf: d is :t con&mt,, can be used in pl:~r:c: of t,hc I,wo- 

t<erm f7qmssion of efluittinn (31). Ttif: insf:rtion of 
this simple relation into t,he Mw:klenburg equation 
givfas : 

t,, = z[2 - g(~)nlogF?]) (X) 

in whidl y is a const)ant which depends on thf: mf:sh 
six of the ch,zrcoal Rntl the particular gas bf:ing 
rfmovd, tl is a, const,znt, determined by the tc:st, gas, 
Ah iti the: open tirea of the baffle at the effluent, f:nd of 
the f:anist~f:r ~tnfl L,. is the Aeady flow rate equivalout 
to thf: pulsating rate of flow actually usctl. As bus 
bf:c:n flf:sc:ribed in a previous chapter, canister t&s 
:LN made with a bwather spp:wat,us, flf:signed to 
simulate respiratory conditions, in which the flow 
may vary from a high peak r:.ltc: flown lo zero. The 
equivalent> dearly flow may be det,ermined by mcas- 
wing critiw.1 bf:tl flcpt~lls for 3 series of flif?forent~ 

constant, flow r:~tf:s and plotting Z vs V. Than in 5 

s~ibsequent, experimnnt8 with prd&ing flow, tilt: value 
of Z is determinefl a,nfl frflrn t,lie relerence graph :I 
corresponding c?quivalcnt st,escly flow is read off. 
The rei’erencf: f:urvf: may vary with the tfd gas as 
well as wit,h lnrge f:twlgw in the shape factor of the 
f:llftl’coal. 
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The use of equation (36) requires the evaluation of 
t,hrcc? constants, iVu, 8, and d. The other parameters 
would be fixed by the conditions of flow and the 
geometric propcrtios of the: bed. 

The equstion has been applied 33 to five test 
gases (amine, chloropicrin, cyanogen chloride, hy- 
drogen cyanide, and phosgene) and to a number of 
different clrar+c:ouls and found to IX reliable within 
the precision of the ctxperimental data. Thus, it 
affords a very convcnic:nt irrt,c!rpolat,ior1 formula fog 
the prediction of the: porformancc? of axisl-flow 
canisters. 

Th.e principles used in the derivation of equation 
(36) have been applied to the radial-flow canister 
also. The result depends on the geometrical confrgrrna- 
tion of the canister.33 

x.4, CONCLUSIONS 

Ili examining the whole of the thc:orc:t,ical and ex- 
pcaimental results of the work on the adsorption 
wavtt, it, is seen that progress has been attained in the 
following mspects. The nature of the steps involved 
in the removal of a toxic gas from air by H granular 
adsorbent, has been clearly st,ated. Where thr: rate- 
controlling process is a single one of these steps, it has 
been possible wit,hin recognized restrictions to dc- 
velop a complcte analytical expression for the adsorp- 
tion wave. Whcrc: t,wo steps contribute to the rate of 
removal, a complclc t,hcory is still lacking, but it has 
been possible to develop criteria for the evaluation 
of t,he relative importance of diffrlsion in air and re- 
actions in the granule in the removal process. These 
criteria have been applied to a numbor of different 
gases and the met:hunixrn of thc!ir removal has been 
r:lucidated. From the general nuturc of t,hc various 
equations for the adsorption wave it has been possible 
to dcvclop semi-empirical relations for the prediction 
of canister lives under dry conditions and to predict 
qualitatively the effects of mesh size, flow rate, and 

concentration under dry or wet conditions. 
The great gap in the present, work is a suitable 

analytical treat,ment of results obtained under humid 
conditions or in other cases where non-linear life- 
thickness relations arc obtainc:d. l<.elatod t,o this is the 
absence of a cornplctc trt:utmc:nt of the adsorption 
wave where many steps contribute to the rate of rc- 
rnoval. These failarcs, how(!vor, arc bound very 
closely to the general obscurity of the structural char- 
acteristics of granular adsorbents and of the! nature 
of catalytic reactions. As fundumt~ntal rt:lutions in 

these latter fields are gradually evolved, one may 
anticipate further progress in the trealrrwnl of Lk 
atlsorpt,ion w:~,v(’ and in csriistcr design. 

SYMBOLS 

superficial surface or the granule (ignoring pore stnmtrtrc) 
per unit volume of her1 
cross section of adsorbent bed 
open area nf Ohe I.&k at the effluent end of the cnnistcl 
const,ant, in cqunt,ion for linar adsorption isotherm 
concentration of toxic Ens in nir strc8rn at uny point in 
bed of adtm-bent 
conccnt,rat,ion of toxic gal;: in air st,rram at any point, in 
the bed in equilibrium with the charcoal at, that pint 
cwwrdt’:diw of bxio grts in air tAream chosen %H thr 
brpnk VBIIIP 
concentmtion of toxic ~m in nir strcnm s,t exit, fact of bed 
concentration of toxic gas irr air fitream st entrencr fncc 
of bed 
constant in equation for criticn,l bed dcptll 
diameter ol’ granule 
diffusion c0cflicicnt. of thr toxic gas (unitt; of area per unit, 
time) 
notation for the exponentinl 6 
mttss tr:tlNfer C~Jefficiellt 

C~Jllst~m~ in cqU~$tim for CMdL!r life 
mass velocity, that is, weight per unit timr: per unit, cross 
section 0C bed 
depth of the “dcn,d layer” 
height of R removal unit; l/hi cj,/cil 
height of :t transfer unit; IL/hi cu/a, 
critical bed depth, that, is, tIhc actunl irit,ercept of :t lifr- 
thickness curve on the thickness axis 
fraction of critical bed depth due to xlownem of processes 
occurring within tb charconl gr:rnule 
fraction of nrit,icnl bed del~th due t,o slnwncss of diffusion 
of gn,s from n,ir stream to the Rurfn,cc nf the chn,rcon,l 
constant in rate equation 
oonst:rnt, in ratr rqltation 
constant in equation for f, 
constant irt equtliort for I,. 
cwsbnt in equation for 1,. 
constsnt, in equation for t, 
constant in equntion for critical bed depth 
constant irl equrttiotl for critical lied depth 
conc;t,:lnt, in tho axpxndcd form of t,hc T,:mgtnuir isotherm 
rate of flow in liters per minute 
rate of steady flow equiv:tknl lo t’ale of pulsating flow 
trrolcs of toxic RR,S on or in the gratlulcs cnntxined in n, 
unit volume of bed 
Auration capacity of :t unit groc;s volume of :&crrhcrlt 
for the toxic gas 

ir~~~taneous break time, that is, the time at which the 
effluent concentratiorr reaches :t value specified 2~s the 
break concentration 
c~~c~lnlivr: hrcnk time, that is, the time nccessnry for n 
given total nmnunt of gas to penetrate the ndHorbenl 
linear velocity t,hrough the int,ctsticea between the pr- 
titles of the adsrrrhcnt,; G/rip 
distance from the entrance face of the bed 
porosity, that is, the volume of intergranular voids pcl 
unit grosti volume of bed 
viacosit,y of gas-air stmun 
density of gas-air sirexm 



Chapter 9 

CANISTER DESIGN 

By W. Co7rway Piew 

9.1 1 N ‘I’KC)DUCTIO N 

T IIE FAL’TOI~S thk govern the arnourk of gas pro- 
twtion which can be obtained from a given 

volume of adsorbent (of given capacity, N,,) have 
been discussed in Chapter 8. In this s&ion, t#he 
factors of prsct;ical importance which must; be con- 
xidcred in the development, of a gas mask canister are 
discussed. Thcsc are : 

I. Amount of gas and smoke prot,ec:tion sought,. 
2. Weight and size permitted for t>he canister. 
3. Kcsistance of canister. 
4. Effect of mesh size on resistance and protection. 
The factors listad above are HO interrelated that, 

in practice, it, is usually necessary to effect a com- 
promise to obtain the desired protection; an under- 
standing of the way in which they are related one to 
another is necessary in the development. 

9.2 AMOUNT OF F’ROT EC’l’lON 
There is, to date, no gcncral agreement, as to the 

amount of gas and smoke protection which the gas 
mask can&or should provide. Moreover, it is im- 
probable that a general agreement will ever be reached 
on this question even if gas is actually used, since it 
is not, possible to increase protection without in- 
creasing weight, bulk, and pressure drop. Two some- 
wha,t opposing views are held. One group thinks 
chiofly in terms of protection and st,rives for the 
maximum safety, while the other group would sacri- 
ficc protection to achieve lightness and compactness 
and would take a considered risk of some casualties 
t)o obtain the: lightest possihlc mask. 

Several years ago a st,andard was empirically set up 
at Edgcwood Arsenal of fi-g protection for all gases. 
This was based upon the 32-lpm flow rate used for 
t<est#ing at that, time and for a gas concentration of 
10 mg per 1. It, corresponded to a minimum lift? of 
19 min. It, was an easy mutter to achieve t,his degree 
of protection for H, CC:, and dry Sh and AC but 
prior t,o the introduction of Type ASC whctlerite the 
80-80 protection for Sh, AC and CK was much less 
than 6 g for all canisters. 

In 1943, a joint, committee representing the British, 
Canadians, CWS and NDRC was set up to consider 
the question of how much protection is needed. This 

committee set up as the d&red standard a protection 
against a gas dosage (Ct) of 100 mg min per I( 100,000 
mg min per cu m). No reference was made to the 
breathing rate except for the stutcment that this 
protection should be afforded under all conditions 
likely to be encountered. While this approach is more 
realislic than tlic previous value of B-g protection it is 
ncccssarily empirical. 

The ASC filled canisters of t,oday will easily meet 
the desired protection, even when badly aged, except 
at high breathing rates which correspond to vigorous 
sust,ained exercise. When new, and tested at 25 lpm, 
an M I1 canister will protect, against, a Ct of several 
hundred mg min per 1 (see data of Chapter 11). 

On the basis of field experiments with gas argu- 
ments may be found in favor of almost any desired 
degree of gas prot#cct,ion. In the open, a high Ct 
rarely can be obtained except, under certain restricted 
condit,itms. On t,hc other hand, in the jungle, one can 
obtain a Ct of several t,housand with reasonable 
munition expenditures. It is characteristic of these 
high dosages, however, that the gas cloud hugs thn 
ground and t,ends to flow down slopes or ravines like a 
liquid. IJndcr most, conditions of terrain, and with 
most gases, simple evasive action could materially 
reduce thr: dosage to which a man is exposed. 

Protection againnt a dosage of 50 to 100 is 
probably almost, as good as one against, a dosage ten- 
fold greater. That is, Army canisters that protect 
against a dosage of 50 to IO0 mg min per 1 will proha- 
bly riot have much greater percentage of gas casual- 
ties than canisters that protect against a Ct of 500. 
The arguments favoring this hypothesis are as fol- 
lows : 

I. Exposures to very high dosages will probably 
be very rare since a high dosage cun be obtained 
only under such specialized conditions: 

a. III woods or lmavy vegetation, where wind 
velocities arc very low. 

1). Under inversion conditions. 
c. On level ground or in ravines and depressions. 
d. In enclosed places such as caves. 

2. Unless a gas attack can bc accompanied by 
sustained heavy fire to force troops to remain under 
cover, it is usually possible to escape from a region 
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of high conct:nt,rat,ion by moving to an clnvated poxi- 
tion. Since large gas conccnt~rat~ions over large arcas 
can he laid down only by aerial bombs, it is not very 
feasible to provide covering&o during the period of 
gas aLtucks. 1Giontlly troops must, be kept at, a safe 
distance from Lhe area under at,t,ack. Therefore, it is 
probable that in a heavy gas attack the majority of 
individuals can seek t,he comparative safety of higher 

ground. 
3. In view of Lhc: difficulties attcntlant upon xt:t,ting 

up high dosages over large areas the use ol nonper- 
sistcnt gag, except, against enclosures is lik(l1.y t>o he 
for the purpose of surprise rather t,han for canister 
penct~rution. Tf so, a small degree of protection will 
be suficient, since ah:rt,nc?ss rather than the degree of 
protjcatjiori is irnpor&nt. 

4. Wlicnever it is possible to exrcctl dosages of 50 
Lo 100 by large margins, canister pc:net,rat,ion is a 
possibility. Wit>h properly chosen weapons, t,he use of 
gas aguinstj caves, pill hoxt:s arid other c~iclosii~cs cm 

lead to casualties by canister penet,rat,ion, 
5. When high tlosagcrs are acllicvctl, there will be 

casualties from leaky V:LIVCR, poorly GLting faccpicccs 
and causes other than canist8er penetration, hut, tllc 
riumhcr is difficult Lo predict, and would decline as 
t>roops became act:ust,omed to gas warfare. II(?:l,vy 
cxnistcrs wi t>h large protjc?c*t8ion may even increase: t,lie 
danger of casualties Irom faccpiect, leakage for thost? 
gas masks with canisters attached dircct>ly t>o f’arc:- 
pieces. 

If t,lie above premise is acccptecl (that protection 
against a dosage of 50 to 100 is adequate) it does not 
follow tliaL better prot>ection is undesirable. Every 

effort should 1~: made to get the maximum protection 
consistent with ot>her feat,wex wwh as w+$t, and 
resistunoc?. Low prot,ect>ion shoultl be nccctpld only 

when it is not> fcasihle t80 aim lor higher valuc:s. 
Vilt8er protc!cLion Rhould be mudo as high as possi- 

ble, consistent with l)reatlling resistance and canistcl 
design. Present filters will permit pcnclrations of t,hc 
order of 0.01 to O.l”/; of the incident, aerosol. 

The rclatiorl of pressure drop to prot,ect>ion in filLc!rs 
is such that) it is rial feasible to lower prot,c~~ct,ion Irorn 
the present level in order to obtain tlcc*rc!ased resist- 
Rnce. As the: thickness of filt#er is reduced, the rt:sist,- 
nnce is clccrensetl linearly 1~11 the protection de- 
creases logari thmiaally. 

9.3 W I~:lGTTT AND SLZE OF C.ANlS’I’EK 

The w&gllt, wd size perr&siM: for R gas mask 
canister dc:pc:r~tl upon how tlhr: c:ariister is mo~.m tjed 

and used. The t,rend today is toward developing I:tc:c:- 
piece-attached canisters but, theri: are still lurgc: 
numbers of hosetube masks wit,11 the canister 
mounted in a knapsack carrier. Tn t,lltb fncepiece 
canister models both the weight, and size arc of im- 
portance but in t>he hosetuhc: type, weight, is ol 
secondary iniporLance. 

It, should be poirll(atl out that, tlespit,e tht: present, 
trend of facepiccc: canister masks, data m tllc! relative 
mcrit,s of the two types are very meager. Neither the 
British nor the U. 8. gas defense organizations have 
adequate f,acilities for tosting tllc: field behavior of 
gas masks. Present opinions as to ~11~: relative merits 
of liost:tjube and facepioae canist)er models are bused 
upon limitrd wearing trials under non-gas warfare 
conditions and there is no real knowlctlge regarding 
the relalivc: merits of t,lie 1;wo types. If gas warfare 
were ini t~ia,Lc~tl, the choice: would dep~ntl upon the 
conditions found to prevail in the fi~ltl. It, is believed 
that, if it is found necessary to wear maeks for long 

periods tllc: hosetube t)ypc: may be srrpcrior because 
of great#cr comfort, but il gas attacks a~‘(: infrequent, 
and of short, cluration tlic: facepiece :tLL:~~c:hed t,ype 
may he superior because of light>ness :tntl decreased 
interference: wit,11 other activities. Much more pro- 
Lc>c:t,ion can bp built, into a hosc?f,ul:)e-t,ype canist,cI 
siricft weight is not, important1 and this type can bc of 
I:rr more rugged c:onstruct,ion t&l the facepiece typr:. 
On t>lic other hand it, is easier to wat,c:rproof the I&C- 
piec+tr t,ypc? and e:tsir:r t,o wear it, in :I&vrA combat,. 

It, is fortjunntle that) in tli(: absence of real lmowl- 
edge 01 th(> relative merils of the two Lypos, t,he 
T&tisll and IJ. 8. Armies had large srlpplics of both. 
Tn tllc: event t,hat, gas warfare had bc:r~l st:+d, all 
combal Lroops could 11~1~~ l~ccri readily c~ryuippcrl wit,h 
Lhe t>ype of mask which provcrl t>o be mr)st, tl~:sir:l~l~: 
as new contliLions were encorlnt,c~rc~tl. 

Tt, is mwh wsiw to design :t c:arlist,w which is LLt#- 
tt&lc:tl by a hoset,rnbcl and carried in :I, knapsack than 
OIIC which is diret+Lly c:arrie(l on tlllc f:~c:c~picr:o. The 
0nI.y importanlS limitation of the kn:~y~snck canister is 
t,hat, of bulk, or more specifically, of tliamet,er. It is 
undesirable Lo linvc: a cianister 01 tli:lmt?t,c?r greater 
than about 3 in. since t,he amorml of int,c:r&rence 
dcpc~?nds upon the distance the canist,er projects from 
Lhc body. Weight is not, important,, wiLliiri limits, 
since a change of a few ounces is nol not~iocablo and 
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>~s much as 2 lh (the weight, of t,he M9h2 r:arri&r) CYL~ 
be tolerat,etl. 

Bor rnar1.y years the U. 8. cnrristcrs of the hosetube 
type hnvcl been of ia radial-flow dcxign. There are 
several atIvnrrt,agcs in t,his corist,rac:t,ion, which is 
possible only when weight, is not, FL limiting factor. 

1. Charcoal I)cttl resistance is low. F’or large canis- 
t,ers the filt,er resistance may IX? kc@ quit,e low. 

2. Radial-Row canisters are more: rlrgged than Hat,- 
be(l, axial-flow t,ypes because? the chemical containc~r 
is a sepnratSe can mounted wit,tiin an out,er jacket, 
which furnishes protect,iori. 

3. In a radial-flow dosign as compared t,o a fiat-bed 
type, it is easier t,o pack t,h(‘ absorbent, tight>ly so t,lrat 
it, hs not loosen or channel. Haflles at the top and 
bottom of the inner tube of the: c:hemical contairrc~r 
c~ffect~ively prevent, any channrling if t,he granules 
hccorne loosely packotl. 

4. The large surface: area on the outsith: of the 
cticrnical container providtrs for large filter arca. 

‘l’he weights of thcs~ radial-flow canisters vary 
from about, I It) for ~11~ Ml0 to 2 11) for the M9A2. 
Nearly half this wciglrt, is in the m&t1 parts. Tf th- 
sired, the weight, rnigkt be matc~rially lightened by 
use of aluminum or light alloys in placn of steel partIs. 
This, however, has nt)~ been thought, necessary. 

The ultimat,n in low resist8ance arid high protection 
has not boen aLtempted in t,hc: hosetube cnnixlcrs 
since there has t)c\on no apparent, rrc:c!tl for furthnr irn- 
provemenL An obviolrs change t,lial, cortld be made 
wit,bout, making the canister more bulky or incrcusing 
the weight LOO much is t,o increase the lengt,lr of t,he 
MlOhl canister which is the most, effioicnt of t,hc 
radial-flow models. An iricrcase in length of 1 in. 
would lower the resistnnco 31 least 20 (2, and increase 
the protectlion by much more than 20 (g, perhaps by 
as much as 5UyV;, hooause of decreased critical dc!pl,lr 
at, the lower flow rate:. This is rnentioricd to illustrale 
I,hc possibility but is not, recommended since: the 
protection of the: MlOAl canintcr already scorns 
adequate for all needs. 

There are f;wo gc:cneral methods of attaching canis- 
tcrs to the gas mask facepiece, at, the chin and on the 
left cheek. Tlrc former m&rod is usetl in German 
masks and the latter in T3ritislr and U. S. masks. Ti:nclr 
has advantagcn and disadvantages. 

Both weight, and size of the nanist,er arc important 
considerations. More weight, can be toloruted in a 
chin-mouni,r:d canister than in a cheek-mounted he- 

cause t<he nnl)alanced weighl on the chr:r:k tends to 
break t>hc fucc: seal. Test,s conducted by the CWS 
developmc!nt, laboratory indicate that the weiglrt~ of a 
cheek-mountctl canister should not, bc much greater 
th:tn 250 g and that above this weight, lherc: is far 
greater t,endency t,o break the fact seal when the hoad 
is nroved quickly. A weight, of nearly LL pound can bc 
tolerat,ed in a chin-type canist~cr, since the pull is 
exertled on the head harness ard does not, brttak the 
face seal. 

Because of the! necessity to conserve weight it is not 
feasible to use a radial-flow c:anist,er for mounting on 
t>he fncc+pic:c:o. The IJ. S. t,raining mask is tdie only 
case of such a usage and this mask is not sat#isfactory 
for field use. All other facepiecc-xltached canisters of 
this and other nations are of the flat-bed, axial-flow 
t)ype. To co~~wve resistance the: diameter i# made as 
large as can I)(: tolerated, usually about, 4 in. The 
volume of charcoal ranges from about 225 ml in the 
BriCsh cnnist,c!r and 250 ml in the U. S. Ml1 to over 
4 10 ml in the latest model Ccrrrran cani&crs (FTC42). 

I~LATION OF WP: IC: ~711 AND PROTK’:(:TION 

Sirrcc weight, and prot,c:c:tion vary somewhat in- 
versely \vi th one anot,her, it, in necessary in designing 
a c,anist,c?r t,o know the reInCon of the two for a, given 
type. This rclntion may t)c discussed for the Ml1 
canist>c:r Lo illustrate the gc:ncral principles involved. 
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DRY WEIGHT OF CANISTER IN GRAMS 

The MI 1 canister with st,c?cl parts (now discon- 
tinued, but, with several million in stock) weighs 
about 350 to 400 g. ()f this, only about 175 g is taken 
up by the adsorbonl when the canister is dry and 
200 g when hurnidifiecl. An irrcrcase or tic,c:rexse of 
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109; of the chftrcoal volumt: (which does not, affect 
t>he weight, appreciddy) rnily clause :I, lwge change in 
protection. This is illunt~rstd in curve A of IGgure I 
which xhows prot,c:c:t,ion against, Cl< as a function of 
weight. Similw (wrv~s can be drawn for ot)her gases 
hut with t,he inflcetion points loc::itd somewhnt~ tlif- 
ferently, depending upon Lhc wit,ic::r,l Id depths fOJ 
the gases in question. The protcxtion of tlrc: prwcnt, 
canister, wjt81i x volrmw of 250 ml is intliwtcd by an 
:Lrrow. Tt is noted in Figure 1 that, if idic w!iglit is rc- 
tlu~:~:tl by 30 g (I ounce) the gas life drops from 27 lo 
I 1 rain. (.lonversely an increase in weight of 30 g more 
t,han doubles the gas life. The reftson t>h:rl thin is not 
done is that the corresponding incwasc: in t,hc: amolmt, 
of chwaonl makes the bulk t#oo great for :l cxnisl,r:r 
WIWII on t,he cheek (one arguments for a sntnrl cnnixtcr 
is t,li:.l,t8 grnatw bulk can be t,olerated). 

TO 
MASK 

Since: it, in not feasible to 1w11wc: t,he wei& by using 
less d~norhcnt, the only ot,hc:r possibility is in the: uw 
of light,er rnc:t,al p&s. The CWS dcvtdopmen t, I:tbor:~- 
tory has clesignotl n sat>isfactory M 1 I c::mistler mhirh 
wes aluminum wmponents, t,lierehy :d%:c~ting n x113- 
t~erial weight rduction. A life-weight, curve for such 
&n aluminrml w.nist,w is shown in Figrrrc I, curve IX. 
Thwe is a weight, wving of about, 100 g for tlic: same 
prot,ect,ion. This is the wmist,er now in production. 

Sirnilnr relat8ions hold for weight, and plolcdion in 
the did-flow cdnt~ws. The M I OA 1 canist,w wit,h 
340 ml absorbent, gives ~1 rrwch higher gas prot,c:c:t,ion 
t,han th(: M IO &h 275 ml uhsorbcd, altho\& 
weighing only 40 t>o 50 g more; RS rncntionecl in a 
preceding sc:c:t,io1i, a still further iricrww in protec- 
tion could lw ot~t,:binecl by an incwasc! in the length. 

The present aluminum body Ml 1 wnistcr is st,ill 
not, the ultinde t;lrst wn be expected in rntlucfion of 
wight, but is nwr tdw ultimate in bulk. Using present 
grade charcoal and the present mt:sli size it, is im- 
practical t,o reduce t,he ch~trctd volume materially 
since protwtion fslls off much more: rapidly t,han 
weight8. It might, be possible to effect 8, srndl saving 
in volume by iwing finer mesh charcod, hrl, it, cvoultl 

not, be safe to go far t&w the present volrn~~~c~ of 
250 ml. Use of a charted of lower apparent densily 
is feasible and hfls l)c:nn done experimcnt,ally. Tlic 
present, PC’IC cli:~rc:oal when imprcgnxt,c:tl ha.:: :w 
apparent density of dwut O.ci.5. It is possihlo to 
obtain good whetleritcs with :m nppared clew&y of 
0.40 to 0.,45. The weight s:bving in 250 ml is t,hcrcforc: 
nwr 50 g. 

9 .4 CANISTER ICESISTANCE 

The first, impassion received on wwring n ga;; mssk 
ir; that, it, in ciifhcult, to breathe, part8icularly if vigororrs 
cxwcise is at8tempt8ed. From the: start, of g:w w:trf:tw 
one of t>lic: most, importlantl consid(:r,:lt,ions in gas ma,& 
design liw bc:c:n t,o keep t,he hrc:tLliirig resistance low. 
This sdion rwicws the factors which cause reaist- 
ftncc :tncl t,lic>ir affect on cnnister tlwign. 

P’or many years iI, has l~~cn cust>omary to c~xpwss 
t,h(: rwintnnce of a gas rmtrk canister as the prvss~m: 

drop in. millimeterx (or inclios) of wst,er wlwrt :Gr is 
passed tIhrough the cmis~cr at n flow dr: of 85 lprn. 
‘I%(~ choice of flow rate is purdy empirical sinw this 
rftto is highw t,liw average flow but lower than the 
pwk flow for men at vigorous wxrcise. 

L)wirig World War II dcviws have been clevelopetl 
to fric:r.surc peak resistlrtncr: for wmisters and complete 
masks women by rnon at heavy exwciw. One of t,hese 
is shown st.licrn:l~i(~~~,lly in Figrwc 2. It, c:on~i~ts es- 
sent,in,lly of :t ldtlc 6’ to which a w:tl,cr mwwncter I? 
is ntt~nched, wnncdctl by rubber how to the gas 
mnsk facepiece. Vtr,lw A permits air t#o lx: tlmwr from 
tlic> bott81e until an cqililitwium pressure is rttt:lirwtl; 
the: pressure is then read from t>he manomctw. ‘l’hc 
vitlvc: A must, open at low rc:sist>wnce and huve lo\\ 
le:tkqc characteristics. Thc~ wme nppsrat.w m:ty lw 
used for cspiratory resistSawe by wrnnging the vnlve 
so that prwsurc: is built, up in the rcwrvoir to equal 
tlw static pressure of the gas ma,sk vdvc. 

Typical resulls for several slrbjcc:t,s :tt, hcxvy exer- 
cise and for 3 st,:wtlnrd mecli:tnic::d Ixwdier pump 
arc given in Table 1. 

T~mc data show tlhatS t,hc peak resistsncc~ v:try 
over wide ranges for diffcrcr1t, subjects, hecausc id 
cliffwent breathing rdcs. The mask for which t>hc: 
dtdu :Lre given wts of poor design :tnd h:til :m un- 
usu~tlly high eupiratory rwist,ance. In the better 
masks pwk expiratory resistwrces were mwh less 
than the inepirnt,ory resistunccs; t>his is achieved by 



proper design of Lhe outlet valve. Incident,ally, it, may oblained on the abilit>y of men to become acclimatJcatl 
IX: pointed out, :IR shown in Table I, that the sub- Lo wearing the mask. Possibly a rigorous training pro- 
lec:t,s aLt heavy oxr&se showc:tl peak flow rates of the gram might, enable men to be as efficient, when breath- 
ortlcr of t,wiw that, for t,lic: mechanical plunp, whic:h ing t,hrough R 75- t,o 100-mm rcnistance as when no 
had a flow r:LLc of 50 lpm >md a peak of near 155 Iptn. resistance: is present,. 
The exe&c: conditions were chosen as t,he most, Lacking good tlat,a on the effect of rG&tnCe, cur- 
scvcre that, the subjects c~~uld entlurc: for a few rent, practice is to permit masks to have a rwislunce 

minut,cs. as high as of 75 mm water. Kfforts are made to keep 
the resistance as low as is compatible with the arnounl 

TABLE I. Mnxirrlrlrrl inspi&t,ory :trld cx+ntory I’c- 
sic;l:r.nce for :I g:~s mmk. 

of protect,ion desid, brat in general, t!he 85 Ipm re- 

sistancc of M3- I Oh14 masks is near GO mm and that, - _~. -- 

1 
M:I,x. resistance in in. of water of the M5-11-7 mask near 70 mm. The fact tIllat no 

Tnxpiratory TCxpirrttory serious objections have I~ot:n raised to these resist- 
-~. -- 

2.7, 2.7, 2.9 2.7, 2.8, 2.7 
anccs is not, proof t>hat, they are satisf:lc:tory since, to 

3.1, 3.2, 3.4, 3.2 5.0, 4.5, 4.0, 5.1 date:, masks art: worn b.y the ftverngc: soldier only fur 
5.7, 5.8, 6.3, 6.2 . . . . . . a fw hOWX irl trxining. 

3.3, 3.4, 3.4, 3.3 3.1, 3.3, 3.3, 3.2 
5.5, 4.7, 4.9, 5.3 5.1, 5.0, 5.6 ~OURPES OF I~,PAISTANCP 
2.0, 2.9, 2.&, 2.9 2.8, 3.2, 3.8 

In :1 complete: gas mask assembly the inspiratory 
..-- resistance is the srunmat8ion of the following : 

I l’articulntc: filter of canistJer. 
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PHYSKJLW:ICA.I, bhm~m ow C~NIHTEH. RK~~ISTAWX 2. ( %emical container. 
It is not, cusy t,o arrive ttt defnitJc? conclusions rc- 3. Fittings, connect,ions and fucepiece. 

garding Lhe amount 01 r'esistnncc t,li:lt can 120 per- In a propwly designed mask most of t>hc: resistance: 
rnit,teti in tt gas mask. Test,s conch~*tr:d at the I)c~p:~u%- 

merit> of Ph~,riology, IIarvard school of Public Health, 
is in the canister’, divitlctl between t,hc: filter and 
chemical cont,ainer. The proportJion tluc Lo each dc- 

indicatr: Lhat for subjects at> exert*ist~ no marked tliffcr- ponds upon t>lic type of consLrr~ctJion. Tn the radinl- 
ence is formd in physical st,amin:l, 111, Lo resistancc~s of flow models ttic> filter reaistancc is about tlilcc-fourt#hs. 
nearly 75 t80 100 mm of water (mcttsured at, 85 Ipm Lhe total, while in axial-flow canistcrn of t,he MI I 
flow). These t&s were ma&\ on Ilic basis of mo>tsr1re- type the resistance of the: filter is usually less tJh:m 
mcnts of pulw, t~cmpernturt~, CL wteria, for nlhjects that, of the: chemical container. 
who did not, know how much rGstance was int,er- The ctlcmical contJainc:r rc:sisLance is due to (he 
posed. T&s hy IVIedical Division CW8 indicate also intnrgran&tr’ resist8nnt:c wiLhin the charcoal Id rind 

Lhat, thcrc: is no mark4 itnpnirment of efficiency so to tJlirb reGning scrc(‘ns and dust, i%er. Tn c~arly stages 
long as t,hc breathing &stance tiocs not exceed 75 to of the Ml I dcvclopment~, t<lie interfacial resistance 
100 mm water. (I<,c:portSs from Oivision 11 NIIltC Iwtween charcoal and screen was high hut sllituble 
and Mctlic:nl Division CWS should lx: c:onsultJed for pad and screen combinations were later found t,o give 
details.) On the other hand, esporicn~c with troops a low cunistcr blank. The effect of screens mcl p:& 

wearing gas masks in field trids tends to indicate: Lhut cannot, b(: dct~ermined from the r&stance of an 
t,hc efficiency of t,hc average man is markedly lowered empt,y container’ but mustJ bcr rncasured wit,11 charcoal 
by wearing a gas mask of rcsist,ance noal- 75 nun present, hy plotting presmrc drops vs volume of char- 
water and that the endurance at heavy work is coal and extrapolating to zero vohune. 
greittly decwtwd. Some claim that, in ticIt tests with Sinre the chemical c:onLainer resistance of ratlia- 
mustard gas the comfort of the matik is increased by flow canisters, like t,he MlOAl, is inherently small no 
removing the partic:ulut8e filter, thcrcby halving the difficulty is met, in holding within tolerances in the 
resist,ancc:. How much of the handicap of the mask is assembly plant<. Such is no; true of the flat-l)cd Ml1 
due t,o it!e tliscomfort, in binding the fact, how much canister. Unless the: operation of filling maotiincfi is 
tJo t,he brt:atShing resist,ancc, and how much to psycho- 
logical factors, is not known. The writer feels that, t>hc 

carefully controlled and care is taken to avoid ex- 
cclssive amounts of f&-mesh charcoal the resistance 

subject, warrrmts a more t,horough study than hams yet ma.y go ver.y high. Nolmully the resist,ance of thr 
been math: and t#hat, in parlicular more data should b(: assembled Ml I chemical container is about, 35 LO 



Source Resistmce 
MlSAl or M9A2 50 111111 
Ml or MlAl 60 -65 mm 

MI0 ot’ MlOAl 6*70 mm 
Ml1 6*70 mm 

I<,F:I,ATI~N 01” .I~:sIsT~Nc~~ TO Sus: OF Cm I w~w:l< 

In the rlwelopment of the: Ml I cmister cerlaill 
simple principles mere noted, relat,ing wniskmce lo 
cross section of the canister. These are: 

1. The rc:&nnce of the filt>er is invcrscly pmpor- 
tionul to the area or to tlir> fiquxre of 111~: diameter. 

2. Tlic: resistance of Llic chemical container is, for a 
given ~hwcoal vohmw, roughly inwrwly propor- 
tional to the sqrrflre of t,lie &oss-wc:t,iou area or Qic: 
fourth power of t,hP tliamoter. This rcl::bt,ion is husctl 
upon the fact, t,lmt both t,he 4ow ratr: and the l~r:tl 
depth depend upon the (w)ti~ section. Protection, 
however, is almost, constant,, within ocrtain limils, 
for ft given charcoal volrunc:. IMa t,o show this point 
are given in Table 2. The c:adculatjed rcsixt8snres MY: 
brtxer-1 on t>he relation 

Although it ir;; not, likely that an increase in t,he 
diumet,er of the Ml1 canister will ever lw used, thcst! 
d&i tihow why it was not, possible to use ,z smallw 
cunister t,han the present, d-in. size. In :I 3-in. cnn Lhe 
c:hc:mical contadner resistance would lw for the s:tmc! 
clm~maI volume about thrtx! times that for the &in. 
can. 

TAVLE 2. Kffwt of wriatiorl in cliamet,er on ret&t,nncc 
tknd gas protection for 250 ml ulsorbent. 

-. z .--- .- 
Rcsikmce Gas livw 

.- ~. .- 
Tbmeter &crvcd Calculttted CR CG AC 

10.6 cm (4& in.) 25 32 .42 53 
II.2 cm (4% in.) 21 ib 33 40 47 
11.8 cm (4$4 in.) 17 16 26 as 51 

It, is present U. S. pract,ice to use 12-30 mwh (U. S. 
st~rtndurd) for gas mask adsorbents. Considerable 

I88 CANISTER DESIGN 

1 

.1 curve of t#his type is rcwiily espl:tirieri from tlir: 
considerationc given in t,he preceding chnpter. At tt 
low rwistrtncx:, or wiLli large p:&icler;l, t,hc: prote&on 
is low becwst: the critical depth is lnrgc:. As the 
psrLicle size ifi decrcutied, prot,c:ction increases more 
ra,pitily than resistance, due t,o t,lie fart t,h:t, when the 
criLica1 clept,h is new the Ma1 bwl depth :L c;lightJ de- 
NCMF! in the critJic:tl depth rnwy cause a tlispropor- 
t,iona,t,e increase in the thickntws oE t,hc! t;:tt,ur,zted 
luyw. At, st,ill higher rcsistanccs, which corrtwponcl to 
srnuller intcrgranular distances, the critiwl depth be- 
COII~W a small fraction of the total bed depth When 
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this occurs, any further increase: in rc:sist,:mc:c causes 
Iitt810 inc+rease in protection sinc*cl t>llc: l)ulk of the 
:~hsorhent is in the sat,ur:lt,c:tl zont: :IlreadJr. AL t,his 
point the curve flatt,c:ns out,. 

From such considcrationx it, is obviorls that for a 
given canist,er design it, is desirable to obtain the 
r&stance-protection curve for Lypical gases, in order 
to select t,he opt,imarn me& size 01 absorbent. These: 
test,s should 1~: math: hotSll will1 gases whose I, values 
are ~msll and large> to (:ovcr the extremes which may 
lx: encountered. The curves for sm:tll I,- v&en may 
he qriit,e unlike those for largr: 1, values. 

0.5 CONCT,USTONS 

111 light, of present, knowlcdgc as t,o lhe r’equire- 
mc:nt,s for the gas mask canist,cr it is felt that the two 
most, modern IJ. S. c::mixl,c:rs, t,he MlOAl and Ml I 
models, represent, ahout tlic: best overall performance 
that, ran lx obtainctl wiLh present charcoals and 
filLc:rs. Bot,li canisters have high &c:icncies of the 
ordc:r 01 50 to 75%, when I~V. 

Weight of gas rctninctl al break 
FXiciency = - 

* Weight of gas at fiat,urxlion 

It is felt t,hat> an increase in efiriency at> the cxpc:nsc: 

of weight or bulk is not now justified. Conversely, it is 
felt t,hat a reduction in weight or bulk at, the expense 
of protection is not, justified unless it can 1x shown 
by Iargca ncalc ficltl trials that, such :.i. rcxluct~ion is 
urgentSly needed. Should duch ncx?tls tlcvelop, tlicl 
principles of design arf? now well understood ant1 if 
new requirements are set, up it, is a simple matter t>o 
red(xigri t,lic: c:nnist,c:r to mtxt Ilium. At, tlic proscnt 
time: c::uiist,or tlttsign is ahcat of faccpiccc tlosign and 
extorisive canister tlcvc:lopmt:nt, is not, nc&d unt,il 
the designer:: of facepieces demand something tiif- 
ferent. 

At,tontion slloultl be called to one: wcxkness in 
p~xsc:n~, canister design; that is, in the lack of rugged- 
ncss. ‘I%(: 111 lOA and other radial-flow canisters 
wcro so rugged in construction that t>hey could he 
cxrrictl in a cloth knapsack without damage. The 
Germans have used a fragile canister for years lxt8 
keep it in a sturdy metal carrying case. It1 is not, at, all 
c~c:rt,:~in ~llat, H fragile canister like the Ml1 aluminum 
motlcl can lx: safely carried in a cloth knapsack. It is 
qriitc: probable that, many canisters will he dented 
and Ihe bottoms mashed in so that the rubber plug 
cannot, he used for waterproofing, thereby sacrificing 
one 01” the advantages of this type of canister. 



Chapter 10 

THE AEROSOL FILTER 

By w. Cowwny Pimc 

.LO.l I.NTRODUCTION 

A T VII+: ~:NI) of World War I the developmt>nt, of 
aerosol tilt,c,rs for gas masks was well untlcr way. 

The (;c?rmans had first realizotl that a gas mask 
canist,(:r c~~rrld be penetratctl by airborne: part,icles, 
which arc not absorbed by ch:~rcoal. They had de- 
velopctl the 11s~ of diphenylchloroarsine xmoke fol 
t,his purponc and, in t,he Iat,t,w tluyx of’ the: wftr, this 
agent was used on a rather large scale. 1)ispcrsion was 
cffccted by placing solid tlipl~cnylcl~loroarsiIle in high 
csplosivc shells. The smoke so obtained was poorly 
rlispemd, accoording to motic?rn sl,andards, and al- 
though it, was effective against, masks which had no 
filtxr thr: smoke could G stoppd by n wry crude 
filtw putl. By the end of t,hc: war all masks were 
c:q~Cpped wit111 some type! of filter to tit,(q) smoke 
part,ic:lcs. 

In the period bet,wcc:n World War I and II ttic: 
smoke protlection of gas masks was grc:ally improved 
and at, the st>art, of the present war thc: gas mnskn of 
all nations provitlcti at least moderatc:ly good pro- 
tection against, all knowi l,oxii! and harassing aerosols. 
A variety of tgpcs was used. 

10.1.1 United States 

The: filt,r:r of t,he MIXA I anti iMl canisters was 
cornpos~tl of several sheets of porous paper imprcg- 
rattled by aspirat>ion of c:arl)on black (from a smoky 
flame) through the papar. Thr: filtering action was 
due to deposition of c:irbon filaments of small 
diameter across the Iargo porc:s of the cellnlost: fiber 
net,work of the paper. This filter was very effective 
against, solid p:trGc:lc smokes, pnrt,ic:ularly at, low 
hurnitlily. It would, however, In,c:ak down on cx- 
posurt: to liquid smokes. 

10.12 I=erman 

The filter was a single sheet of asbest,os-l)c::lriug 
paper, folded so as t,o prcscnt, a large area wit,11 low 
resistance. It, was the hcst, of the prewar filters whc:n 
both resistance to flow and protection were con- 
sidered. T,ater U. 8. filters were based upon tlcvclop- 
rnents resulting from st,utlic:s of German and Rrit,ish 

filt,crs. However, the t,hc:or’y ~mderlying filter at$ion 
was carefully stutlietl as H basis for later tlovclop- 
merit,s. 

10.1.3 British 

Two types WCI’C llsed. The large box c:anist#er con- 
tained pads of wool into which asbestos fil)cr* had 
been carded. Later, when the assault mask was de- 
veloped, ttio &estos w;ts replxeti by a rt:sin which 
was cnrtlcd into the wool. This filtw frmrlionecl I>(!- 
cause of rlect,rost,at,ic chnrgcs. IJntlor optimum con- 
clit,ions it, WRS wry effective but, it, hat1 the: weakness 
that the charge: might be dissipated with age, by ncicl 
gases, or cvcn high humidities. Wh(?n this happened 
t,he tili,c:r pcrmitlted high penc~t,l,)l,l,ion of aerosol;. 

1.0.1.4 .japancsc 

The filt,er was made of ~~10th lliat \\‘:ts pleaLet 60 us 
tlo present a large? snrfacc t#o the air stream. The 
filters on some t,ypc:s of r:anisters were excellcrlt~. 

IO..? DJWETAlPMI~NTS OF THE WAR 
PERIOD 

The first, chemical warfare problem to re:l(*lt Ihe 
NDRC was CWS I, The Scrvicc: tlirc>ctive request,cd 
that, fundamental scinrit,ific: infolmation be obtained 
on the disseminnt,iori and fillration of aerosols. ln- 
tensive work or1 This subject began in 1910-41, by 
both N’l>KC and CW8, and led to a rnor(’ Iitnda- 
mental uritlcrxtanding of the problem. Thf: follo\~ing 
geric:rrLlizat,ions appear in early reports.‘-” 

1. An aerosol filter is a network of fine fibers. It, 
does not, function as H sicvc; all but the 1argei;t par- 
Ccles may pass through t,hc hoIce. 

2. A particle is c::~ugliL by the filter only when it 
comes irit,o corit,act with one of Ihe fibers, whcrc it is 
held by va11 dcr W&A’ forces and is not removed by 
air nurrc!nts which flow at, moderate sp(?cds. 

3. A mathcmutical theory was developed 5.R t,hat, 
t,ook account of the mechanism whereby the p&iclc 
reaches the fiber surface, and that preclictcd the effect 
of particle size, flow rate, and other factors on filtra,- 
tion. It was shown that the fiber diamctcr should 1)~: 
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of the same ortlcr of magnitude as t,hc: particle diame- 
ter. The predictions of this theory ~VI’C confirmrId by 
c>speriment,s. 

4. Presence of an clcctrosta~~ic charge on the filter 
fibers increases their interception radius and im- 
proves the: eficiericy of filtration. All filters display, 
under cert:~in conditions, some electrostatic action 
but, in g(:neral, it, is not, safr: to rely chicfly upon this 
effect, which may be lost on rxposure to humidity or 
to certain types of liquid :~c:rosols. 7% safest filters 
:ue t,hose which act, by interc:c:pl,ion even when elec:- 
t.rostatic c+hurges arp not, prcscnt. Test>ing of filters 
should be carrictl out, at, high humidity to avoid 
spurious effects d11e to tJransient electJrostuttic chnrgcs. 
I,iquitl srnokc (that3 is, the dispermtl phase is liquid 
dropl~:ts) should he usctl for tJesting fillers, since: n~~c:h 
smokes iare more pcn(:t8rutJing than smokes which 
conlain solid particlrs. 

5. It \VBS statJet I that “Apparently the i&al filter 
wf~uld con&, of a scri(.s of grit& made up of proper 
sized filaincrlts placctl in series ant1 &ggert:tl ~0 that 
thr: &earn lines w-ill nol, pass stmight through the 
filter.” This ideal fill,cr must8 b(l of GnitJc: dcplh since 
:L shallow grid is more readily clogged tJh:m a deeper 
one of the: same resistance. 

(i. The: filter should contain fibers of 1 l,o 2 microns 
diameter but, a sIlpport, of heavier fihc:rx may 1~: 
ncccssary t,o prevent, m:Lt,ting of t>hc fine fibers. The 
cellulose fibers of alpha MY& paper used in the prr:~:tr 
mask are some 20 microns in dinmt+er. Carbon im- 
pregnation of t>his paper p~.Csurnably gives finer fila- 
ment,s which span the large ports in the cellulose 
nc~t\vork. 

Recognition of the above gcneralizationx was fol- 
lowed by :m int,cnsive st)utiy of means for producing 
fillers of optimum c:fficiency and low pressure drop. 
Several sources of fine tibcrs were irivcsligated, in- 
cluding asbestos, glass wool, organic: filK~s, and rock 
wool. Li;xc:ellent, filter’sworc: made frorn a11 of these, but 
asbestos c:ombinc:tl with paper was found to be hcst 
suitSed t,o rapid, large scalr production. All U. 8. gas 
mask fillers of the M9A2, Ml Al, MlO, MlOhl and 
M 1 I c::tnistc?rs were quipped with asbestos-paper 
filters. A bric:f account of the various fine fihcr studies 
follo\vw. 

10.2.1 Glans Wool 6 
Thifi material is r&ily available and has small 

fibers, usually less t,han 10 microns in diamc:tcr. The 
first, tests, with laboratory mntc3+~1 of fiber tliametJer 
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ci t)o 8 microns, appearpti vchry promising hut it was 
soon realized thutJ fibers of this size were not adc- 
qrlate at high humidity. At low humitiit,y, where 
electrostatic: effects may aid the filtration, these fibers 
are excollont. In viow of these fimling;n, the Owens- 
Corning Fiberglas Company undc!rtook t,o make an 
r&rafinc: glass wool witjh fibers 2 t,o 3 microns in 
cliamt~t~c:r. Experimental lot,s appearecl t,o be vf:ry 

gootl and in 1942 Rodebush rcport,ed 5 “It rnsy 1~ 
considered therefore that the glass wool research has 
been completed and that the problem is now in a, 
developmc~nt state.. . C.~lasswool is silperior to paper 
as a filt,c:r rnat,erinl for two reasons: (I ) the small di- 
nmt+cr of the fibers and (2) the: better distribution in 
spar:~. Paper is ill adapted to use as a filter bc:c:tiuse 
it, is made of large fibers which are matted together 
wit,b a minimum of open space between them. . . . In 
&tss wool the: fibers arc’ uniformly dispc:rst:d through- 
out the volume with $1, relatively largo amount, of fret 
space and thch glass wool, therefore, givas a verp 10~ 
pressure drop for a given degree of pc:rlc:tration.” 

Following the research st,udies on &ss wool, :I, 
CWS contrac*t, was given f,o Owens-Cor&g Fiberglas 
Company for development of a tilt,r:r suit,able foi 
wrapping on the M IO canister. Shcct,s were prepared 
which gave excellent, filtrations with low presc;urC 
drop, I)llt, by the time development cvork had pro- 
cc:c:dcd far enough to warrant, productSion, an cxccllent, 
asbcs tos-bearing paper ww,as in production :md it was 
not, tlcemed tl~!sirable to make a change \vhic:b would 
involvr: retooling and bring about, new problems in 
manufacture. 

It appears in retrospect that, had tllcl glass wool 
developmc:nt been made earlier it, might, have won 

out in competition with asbestos. One of t,he peace- 
Lime stutlips needed is a thorough comparison of 
glass wool and absc:st,os filters, particularly for the 
axial-flow type of canister. Thc:oretically, glass wool 
appal.rx to be superior in structural mnk(:-up but it, 
is not, certain that, iL can replace asbestos paper in 
practical application (which involves questions such 
as mounting, h:Lrltlling, and uniformity of production 
m:lt,c:rial), 

10.2.2 Kock Wool 5 
The use of rock wool as an aerosol filter was sug- 

gcsted to the CW8 in 1941. This suggestion was re- 
fcrred to N l>RC and ext,cnsive investigations were 
made. Rock wool is manufacturer1 in large tonnage 
for rise as a ticat insulator. The fibers arr very similar 
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t,o those of glass wool, with diameters ranging from 
1. to 2 up to about8 7 microns, the average being about 
twice t,hnt, of the ultrafine glass wool made experi- 
mentally. In commercial manufac:turs, a binder is 
adcled and the rock wool is fellrd into pads. The con- 
mercid product, has several disudvamages for gas 
mask filter utio: (I ) the pads are oftcn uneven, having 
thin and irregular spotIs; (2) it is tlificult~ to control 
the fiber size; (3) the wool contains a consitlcr:~J)le 
amount of shot or beads of fused glass which oc:c:upy 
space but contribute nothing Lo filter action; and 
(4) adeqiat,e protection could not t)(b obtained wilh- 
out excessive l~ulk or pressure drop. 

Recause of these disadvantages, no serious con- 
sideration was given t,o the use of rock wool for 
military canistcrs. However, its availability in large 
amounts and its quite: excellent filtering power led to 
c~onsideration of rock wool for use in canisters for 
civilian or noncom~~nt,snt, masks. In 1912 the Johns- 
Manville Company undertook, without, charge, an 
oxporimcntul dc!vclopment of a civilian canister. 
Later, this was continued at, Edgewood Arsenal. 
Some c:xcc~llcnL and clioap canisters wcrc made by 
plaain~ a layer of charcoal between two rock wool 
pads. Before this development, was complotc:tl all 
need of a civilian canister had ended and t,lie study 
was discontinued. Should it, ever become necessar.y 
to produce large numbers of nonc:omhat,ant, canisters 
quickly, rock wool might, wall be considered for use 
in the filter pad; it, does no1 U~~JCW, however, to hold 
any promise for use in military canists?rs. 

IO.23 Organic Fibers 

In the search for fine fibers for us{: in filters, it was 
a natural development to invesLigat,o orgnnic ma- 
terials which could be prepared by the methods used 
in the rayon and nylon industry. Research contract,s 
were set, up with American Viscose Corporation, 
IX. T. duPont de Nemours Company, and Tennessee 
Eastman Corporation. It, was found that superfine 
filters could be producotl, with diameters ranging 
down to 0.01 micron and t,hst these fine fibers c:ould 
be prepared in uniform sizes. Ry the time these rc- 
suits were uchicvcd, the asbestos filter program was 
proceeding so satisfactorily that, no attempt was 
made to sot up production facilities, to solve the many 
problems attendant upon changing over from a 
laboratory to a commercial scale, or to devise 
methods for the fabrication of these fibers into gas 
mask filters. Thus, beyond the production of fibers 

by a relatively expensive process, the field of organic 
fibers is prut:Lic:ally untouched. 

Unfortunat~cly only one report, of the work on 
fibers has bren tlist~riInited.7 C:ont,ractors’ final re- 
port<s in the: LXvision IO files should be consultc:tl for 
dotails. 

10.2.4 Asbestos 

The hrsL rnat~rrial to be inv&gated in t,he search 
for fine fibers was, of COIUW, asbestos since t,his was 
known to c:ont>ain fibers of the proper sitie. It was in 
use in Rritish and German gas rnnsks, and it was 
roadi1.y availablr:. Early tests wit,h laboratory as- 
bostos of Gooch crucible grade showed that it made 
an excellent1 filter. Work was begun immediat,ely by 
CWS and NDRC on mc:thods for incorporating as- 
bestos into filters by combining it with paper. Two 
general lines of at,tnck wtre made on the problem: 
(1) lay impregnating an open st~ruature paper with 
asbestos, much as Lhe older type paper was imprcg- 
nated with carbon black; (2) incorporating asbestos 
into the paper so that it was interspersed throughout 
the cellulose network. Papers made by the former 
process arc designated usbestos impre~pated and those 
in which the? asbestos is incorporated in the paper as 
asbestos bewriay papers. 

Methods for impregnating Lhin-sheet papor for 
use in wrap-on, multilayer filters were developc~d by 
t,he Services. In dry impregnation, shredded asbestos 
was aspirated through the paper by a method sirnilnr 
to that, formerly used for carbon blar:k impregnation. 
Apparently the fine axbcstos fibers wore pulled into 
the large! holes of the cellulose network at the paper 
surface so as to form a net,work of fine fibers supcr- 
imposed upon the coarser cellulose fiber network. 
The filters made by wrapping on soveral layers of 
this paper gave excellent protection. Sirnilar results 
were obtuinotl by a wet impregnation in which t,lie 
paper was treatcti with a Lhin coating of asbestos 
slurry which was allowed to dry, leaving a deposit, 
of asbestos fibers. 

While asbestos-irnprognated paper gave filt,crs 
which were distincfly superior to c:srbon-impregnat,o(l 
paper, they were not wholly satisfactory and were 
ncvor used on a large scale. Asbestos-bearing paper, 
when good manufact,uring processes had been dc- 
veloped, was used exclusively during the latter part, 
of the war. 

Numerous problems had to be solved before a satis- 
factory asbestos-bearing paper comld be produced. 
Among thcst: were methods for preparing the asbestos 
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fibrrs of proper size, of removing dirt, ant1 foreign 
matter from the asbestjoa, ol dispersing the: ashcst,os 
uniformly throughoutJ t,he paper pulp, and of rc:t,ain- 
ing a satisfactory t,ensile stren&h in the finished 
product,. Through close cooperation between 111~ 
Services, t,he paper manufacturers, and the rcscarch 
group, all these problems were solved and several 
t>ypes of ashest,os-~,c!arirlg papers were developed.” 
Vor muMayer, wrapon filters, where tensile strength 
was of paramount, import>nnce, a reinforced paper 
backed by scrim WM used. All lat>er Model MI0 and 
all M IOA I canist,ers were wrapped with this paper. 
Tn fact, the> availal)ility of this p:kpc:r made possible 
the tlevc:lopmcs~t; of the: MI Oh I csnistnr with the same 
outer dimensions as the: M IO canister. The scrim- 
h~clc paper was so efficient that the number of layers 
of paper was reduced and the space saved t,herehy 
was utIiliaed for increasing t>he charcoal bed depth 
by :j$z in. 

‘1‘1-1~ dcvc:lopmcnt of effective procedures for in- 
corporating nshcslos into the paper made possible t,lie 
design of :m asit&tlow canister of the Ml 1 t,ype. Re- 
fore such a canister could be designed, a single-sheet> 
paper’ was necessary t,hat, could be fluted to present’ 
:t large filkr area since in the axial-flow canister it is 
not, fcasihle to use a wrap-on multilayer paper. The 
single-sheet paper produced event~unllg was compa- 
rable to, and probably better than, the German filter 
in protection and resistlance. 

Wring the filter paper tl(!vc:lopmc:rit,, c:xt,c:usivc~ 
study was made 8 of the effect, of ~:c:llulos~: fikr on t,hc, 
rt?sist>ance and efficiency of the: paper. Ttlr:‘inc:orpor:r- 
tion of special fibers, such as csparto grass, and t,llc: 
development of methods for t,rt?at,ing wood to obtain 
the best size and distribution of cellulose filws, all 
contribut,ecl t,o the success of the asl,c?st~os-p:lpc!r 
filter, particularly by giving the necessary mc!chanic:a,1 
propert,ies. 



Uiapter 11 

PERFORMANCE OF U. S. AND FOREIGN GAS CANISTERS 

11.1 1NTHODUCTlC)N 

T HE PUWOSE of t,his chapter a is ia summwize 
the data on t,he prot,ect,ion afforded by allic:tl and 

enemy canisters against, nonpersistent agc:nl,s tmder 
:I variety of conditions simul:~t,ing circumstances likely 
to b(? met on the bat,t,lefieltl. As-intlic:ut,cd in Chapter 
7, the prot,ection afforded hy all canisl,c:rs against1 
persistent, agents is more than adequate! and, contie- 
quont,ly, need not, be considered in this rdamn6. 

Tt, is obvious that, only those enemy canist,crs which 
liavc been wptured and returned to allied nations 
arc considered. These canisters do not, ncccssarily 
roprcaent~ the enemy canist,ors whic:h would appear 
rmder gas cornhat, conditions because the enemy may 
possess, or bc able to product in a short time, can- 
isters that afford better protect,ion than those con- 
sidered hcrcin. Furthcrrnorc, in comparing t,he pro- 
tcction uffordcd by onomy c:anisLers with that nf- 
forded by sllictl canisters, it must be emphasized 
that many of the enemy canisters suffer the disatl- 
vantage of having been carried by t,roops, or having 
been subjected t!o climatic conditions causing cor- 
rosion, whereas most, of the allied canisters were new 
and in their best, condition. 

‘l%: gmard test, methods c:mployt:d have been de- 
scribcxl in (.%apt,er 2. C:oncc?nt,rat,ions, humidities, an.d 
flow rat,c:P were varied and HI’C spwified in each case. 
(Inly rt!eults with hreatlicr-type pumps a,re given. 
Whenever possiblq the: rcsrdts of the following three 
types of t,psts arc given: (1) absorption to initial 
penet,rat,ion of physiologically significant concentra- 
tions, (2) absorplion lo Ilie penetration of a dosage 
which is considered to be let,hal, and (3) initial 
absorption followed by desorption. It, must bc re- 
membered in this connect,ion, however, that, ponctra- 
tion of a lethal dosage during a given exposure in the 
laboratory does not insure that a casualtJy is produced 
in combat by a similar exposure; t,hcrc is i~srdy 

sufficient warning in the early stngcs of pc:nct&ion 
t,o permit, a change of ca,nisters or of gax masks if 
such replacements are available. 

a This chnpter WM written before V-E Day but the con- 
clusions regarding enemy equipment have not hccn mnterially 
altered by devclopmcntx of the immediate postwar period. 

-Ed. 

The agents to Ix! c:oncitl(:rc:d arc t,he three II. 8. 
st,andard agents (CC:, Cli, and AC:), plus PS, and 
NOz. As was point4 out, in Chttptrr 7, these gases 
represent the typical as well as tdlc exceptional non- 
persistent gascx which arc apt to be met on t>lie bat,tJ~~- 
field. Sulfur pctntafluoride, and any other fluoride 
which might, conceivably be employed, bellavon much 
like CC;, ant1 prot,ccLion rnrty be expected to bo com- 
parable. The results obtxincd wilh PS oifer an esti- 
mat,e of the protection which would be aff ortlcd 
against, a semi-persistent agent whose dest,ruction on 
charcoal by h_vdrolyxis or other reaction is likely tjo 
be too slow t,o uffcc:t the dynamic retention. Though 
few tests havr: bocn made with NOz, it is considcrcd 
bc:c:ausc it has often been proposed as a potential war 
gas. SA is not discussed in this chapt,ar; it is not 
under consideration by the U. 8. Army as a possible 
war gas, and therefore performance dat,a of enemy 
canintcrs t,oward SA would be of little inter&. Allied 
canisters afford more than atlequatc: protection 
against this agent and thus it is of little concern from 
:h defensive point of view. Ir’urt,tlc:l,morc, any de- 
ficicncics in protectIion of enemy canifltcrs against 
SA could very easily 1~: rt:mc&tl. Performance data 
are considertxl separately for each agent in order that, 
a direct, comparison of the several cnnist>ers may bc 
drawn. 

The msjoril,y of the work done on foreigrl canisl.crq 
has hocn done by the Chemical Warfare: &vice 
[CWS] laboratories and more complotc: dai,a may be 
obt,ained by direct reference! t>o t,hc! original technical 
rc:porl;s of that Service. The summar_v given in this 
chapter gives a sketchy overall picture of gas mask 
performance and is intcntlcd only to render t,lie first, 

part of t,his book more complete. Reference is math: 
only to summary reports whenever possible. 

11.2 GAS MASK CANISTERS 

All U. S. gas mask canist,rrs, cxcopt the U. S. Army 
MI I canister, are radial-flow dosign. These canisters 
are adct@ely described in Chaptw 1. All foreign 
canist,ws discusied herein are of the axial-flow design. 
Tt is unnccessury to descritw thcsc canisters in det,ail 
in t,his summar.y, but, a few of the physical charac- 
t,cristics of the more important canisters should bc 
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mentioned before consiclwat~ion is givrn I,0 t,lio gus 
protIection the cdsterx ufford. A brief phyxicd 
description k given in Tttbk I. 

Tt8 will be notted in Table 1 that; Hrit~ish und some 
C:u~:~tlian canisters are moistened hefore issue. This 
practjice was stttrted c-wig$xdly t,c-) providr addd CC: 
protection without irnpreanttt,ion. inasmuch ati thr 
canisters soon hecome 1~umidiGed in the field, the 

prnctice hnF; been continued. All “.AlL” t&-rwultr;i 
summ:wiaed in succeeding sections wrc parformed 
on the moist canist,erx a~: received. All other wrnisters 
are iswed dry and “AR” represents :t Rudy dry 

c:tnist#er. 

Flow rnt,c (lpm) 
50 60 50 50 25 2 ‘ 5 

Influent, concentmtioti (mg per 1) 
10 10 20 50 IO 10 

JIdative humidity 
C’trttistw AK-50 80-50 x0-50 HO-50 AR-XI so- 60 

.- 
1T.H. Army Ml 200’ 160’ 
ITS. Army MlAl 200’ 1SO’ 
I’.S. Arrtry Ml0 350’ 320 300’ 200’ 
1J.K .Army MI I 4330’ 3804 X04 325” 
U.S. Army M LOAl 450’ 4rrO’ 110’ 325 
L.S. Atmy M9A2 1000 1000’ 
IJ.8. S:tvy (Old Typ:) 200’ 
1J.S. Snvy Mark 13 3301 2.50’ 
IJ.8. Kavy Mark Hl 670’ 620’ 
Rrilintt Mk IT/T, 28()‘, 7 

C~trtutdi:ttt Mk TT/T, 3001 330’ 
Gei-mnn FE37 
ch!rn~~tt~ %‘F:4 I 100’ 360’ :I 
Oermnn FE411’ 3903 
Grtmtrtrt E’E42 790:’ 
Gcrtnrtn FF:42P !KjO~~ 
(~hmi:ln Civilim f&21():3, Ii 
Japnnese Army 99 20.-1701! % 2351.2 1601,Z 
Japarwae Army !.I5 x0 400’~ 1 530’ 
dapattese Navy 93 I ltio” 1310’ 1130’ 
Japuttesc Civilian 350 960’ 

Notth. Supcwvript nurnt~em rrkfvr to biblio~mr~hi~~nl re~fcmmwn. 



lime. The Navy canister is t>he la&t, t>ype capturcti 
from N,zv:ll :rnd Marine urds; it, is cquippd wil,h 
R cCtrl)(jn rrwnoxicle anxiliwry cwktw c:ont,::~ining :t 
poor grndn Hopdite. 

and enemy anisters to t,hn k,rt:ak poirils is sum- 
marized in Tdde 2. The ~uporscript,s refer to the 
bihliograplly of this r:hapt,c~r :mtl roprcwnt the sources 
of these data. Avfsqq: vdrics arc given except, in 
c:ws where the range-b of v:~lucs is 1:tr.g~. Such large 
discrepancies we tluc to the testing of it limited 
numlwr of canisters which w(:r~~ prold~ly subject t,o 
corisidcrttbly varied trc~it~ment prior to receipt arid 
test, in this country. Tn such wsw, !bc higher figures 
protxhly more nearly reprownt, 1,lw average protec- 
tion to 1~: rlxpected in comtd. 

1J.S. Army Ml 10’ 4' 
1T.S. Army MlAl 21' 90’ 
IJ.S. Army MI0 140' X0’ 1‘25’ 
U.S. Army Ml1 140 1901 
1T.S. Army MIOA I :w) 1tiW 200' 
U.S. Amy MIS.4 I 30' 41 
LJ.8. Army MRA2 400’ 280' 
U.S. Navy Mark 11 140' 70’ 
IJ.8. Navy Murk 131 2901 I 90’ 
T3ritish Mk II/L 287 
Cnnndinn Mk II /I 1 20’ 140’ 
(:ermnn FE41 24" 41, 3 IO 
Gerrn:w P'K4 IP 24" 4’ 
Grrniti,n FE:IIX 40" 43 

Ccrmn,n FE42P 0.5” );A 

German Civili:w 
Jrqxinese Army 99 12" .p 
J:tp:~nw Army 95 60” 4” 
dapancsc Nn.vy 93 8yL X!! 

.ln,panesc: (Xviliarl 
--- 

Nvk. fiu~wrscript numhrrs rofrr to l)ibliuelit~~llicnl r-ofcrcnrrs 
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1I.S. Army MlAl 
11.8. Army Ml0 
lJ.S. Army M IOAl 
U.S. AI-JIIY MlOAl 
17.5, Army MlOAl 
lJ.H. Army MTXhl 
U.S. Army M9A2 
German FTC41 
Germnn FIC41 
Germa,n FE41 
Gcrmnn J+4 I 
Gerrnrtrl FE41 
Gcrmnn FE4 I 
Gcrmrtrr FE41 
German FE41P 
German FE41P 
Germfin FE41 P 
Germw FE41P 
Gerrnnn FE42 
Gwmrzn PE42 
Germnn FE42 
Gcrmnn PE42 
k-man FIX42 
Gew1en FE42 
Gcrmnn E’E42I’ 
Germart FTi:42P 
Gerwm FE42P 
Gcrmnn K’E42P 
Jxpnnese Army 99 
.lnp:wcsc Army 99 
Jtipsnese Army 99 
Jnpsnese Army 99 
,lnpsr)esc Army 99 
Jnpxncsc Army 99 
.Jap:tncse Army 95 
Js,pnnet;e Army 95 
.Jap~ncw Army 95 
Jzpnnese Army 96 
.In,panesc Army 95 
.Jn,pnrwc Army 95 
.I a~~rtncsc Navy 93 
dapene~e Navy 93 
.Jnp:tnesc Nnvy 93 
J:~IJ:UICS~: N :tvy 93 
depanew Navy 93 
.Inp:tnesc Nnvy Yd 
,~npltrtcsr: Nnvy 93 
dtq~zmese N>~vy 93 
Jnprtneec pl;n,vy 93 
J:qxmese N:~vy 93 

5ck50 
5&.5D 
50-50 
no-so 
SC-80 
5wJO 
50-50 
SO-50 

O-80 
8&X0 

l&SO 
SO-HO 

(Ho 
80-80 

O-80 
Mb80 

CMiJ 
80 80 

O-80 
SW80 

CR0 
80-80 

O-80 
SO-80 

O-80 
80-W 

Cr80 
80-80 

@-SO 
S&80 

O-80 
SO,-80 

wK1 
SW30 

(rno 
80 80 

o-no 
SC80 

(HO 
SO-80 

(rno 
80-80 

O-80 
M&no 

080 
Mb80 

o-no 
PAHO 

O-80 
X0-80 - 

50 
e-3 ‘0 
50 
50 
25 
50 
50 
50 
50 
50 
25 
25 
12.5 
12.5 
50 
50 
25 
25 
50 
50 
25 
25 
12.5 
12.5 
50 
50 
25 
25 
50 
50 
25 
25 
12.6 
12.5 

A0 
50 
25 
25 
12.5 
12.5 
50 
50 
25 
25 
12.5 
12.5 
60 
50 
50 
50 

-. - 

1: 
10 
4 
4 

10 
10 
10 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 

20 
20 _-_ _~ 

40 
140 
180 
175 

1000 
40 

320 
20 
24 

4 
$5 

4 
170 

12 
24 

4 
I 05 
32 
40 

4 
125 

12 
315 

70 
65 

24; 
70 
12 

4 
24 

4 
55 

x 
60 

4 
80 

8 
240 

28 
90 

8 
225 

24 
535 
I10 
48 

5 
160 

20 

1471 
340' 
416' 
*MO? 

1760" 
‘1801 
547' 

95’ 
85" 
3OJ 

150” 
603 

2(W 
160a 
1103 
803 

245' 
1703 
1453 

50" 
255" 
110” 
4903 
3803 
l&V 
loo’ 
3903 
284" 

902 
301, 2 

170” 
401," 

3 I 0” 
8,r,I, 2 

1.50” 
402 

250" 
1002 
520' 
170” 

aor,-’ 
702 

395” 
1302 
7852 
345" 
1202 

57" 
320" 
1202 

10 mg min per 1, and SO-50 humidity conditions;. The this csplains the differences het,meen the Ct’s t,o 
result,s are talxMed in 1’J)le 3. It is noted that, on initiLt1 penetration given in 1’8bles 2 and 3. 
the average, t,he protent,ion to lnt,hal penetrat,ion is No resulb on desorpt,ion are available. lt is well 
25 to 50y0 grwter than the protection to the initial to point out, however, that, under normal conditions 
pennt,retion. The data in ‘l’~~hle 3 arc: for single 1,&s; of high moisture content, it is unlikely thut, sppreci- 
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TABLE 6. Time for penetrntion of n, let,hnl dosngc nf CR including dcsorptiorl after various 
cxposurcs. (Flow rate = 50 lpm.) 

Cbtnider % R.H 

Germnn FE42 O-HO 
German E’E42 O-80 
Gcrms~~ FE42 o-so 
German FE42 HO-HO 
Germnn FE42 X0-80 
Germtn E’ld42 SO-R0 
J:tp:tnese Army 99 O-80 
Jnpancsc Army 99 80-80 
.lapnnese Army 95 (MO 
Japnnese Army 95 80, “40 

Jqwmc! Navy 03 O-80 
Japanese Navy 93 O-80 
dqxmese N nvy 93 CHIO 
J:tpanese Navy 93 so 80 
Japnncsc Navy !G X0-80 
Japanew Navy 93 8lwlO 

Inflnent Inflnent Time to pcnehtion 
concerlttatiorl dosage of lethnl dosage 

(lng per 1) (mg trrin per 1) (min) 

4 88 55” 
4 loo 442 
4 128 343 
4 l,V 
4 ifi 123 
4 44 lo” 
4 4s 4.52 
4 19 12” 
4 46 54” 
4 21 , ti” 

4 73 84s 
I 80 140” 

20 HO 1302 
4 31 262 
1 42 60” 

20 29 30” 

Note. Supcmcriyt numlxw refer lo bibliograpl~ical rrfrrrmw. 

tlblc amountn of CC: could he desorbed. Cont8inuecl 
passage of air would prolA1y rcmovc: only the: 
hydrolysis procluc@ HCl and C02. 

It is obvious from these data that all c::mist,crs 
provide adequate protection against phosgcnr: under 
normal conditions. The element of srlrprine must 
Ihcrcforc be relied upon to a large degree in the 
0ffrnGvn uric of this agent. 

11.2.2 Protection .hgainst Cyanogen 
Chloride 

The compnrativc CK protection a,fforded by allied 
and cnomy canisters to the break point,s is sum- 
marized in Table 1.. Average values are given in roll 

cases. The: nupcrsoripts refer to the bibliography of 
this chapter md rrprcstmt, the sources of these data. 
Tt should be noted that, whon humidific!d, German 
and Japanese canisters are penetrated by harassing 
concentrations of CX aft,c!r short, esposurcs even at 
breathing rates corresponding to motleratc exercise. 

Comparisons of influent dosages required lmtlor :I 
vs&.y of conditions to produce initial pcnctration 
of harassing concentrations and those requirctl fog 
penetration of a lethal dosage (considrrcd to be 
10 mg min per 1 at concentrations rscccding 0.2 rng 
per 1) arc summarized in Table 5. 111 nll cuxtx h: 
data under a given set of conditions art’ for single: 
1&s. Tn general, the protection to h~ld~ul pc:nctrs& 
is several fold greater tlmn the protr:c:tion to initial 
pen&ration; this is particularly true at high humidi- 

ties where protection t,o initial penetration is at a 
minimum. 

IAle or no desorption of CK is possible from ex- 
posed I3ritish Mk TI/L, Canadian ,Mk IT/L, German 
FE4 I P, or German FE42P canisters, or from exposed 
U. S. c:anistorK which are filled wit,11 Type: ASC whet- 
lcrilc; the irnprcgnants in these canist,crs rlc?st,roy the 
CX. I)exorpt,ion is possibb, however, from cxposcd 
Grrman FE4 I and German b’E42 canisl;c:rs and from 
all Japanese canisters tested to dat,c!. l’ests have 
thereforr t)c:c:n c:ontluc:tjc~tJ to determine the rate and 
extent of the effcat,ivo th!sorption (concentration cx- 
ceeding 0.2 mg per 1). In rl’d~lt~ (j the resultIs are sum- 
marized of a few t&s to tl&f?rmine the time for Iho 
penetration of a lotlial dosage including dcsorption 
after variolls cxposurcs untlcr a variet,y of conditions. 
Such a situation corrld 1~ mrt in combat, only if a CK 
at,tack is accompanied or followt:d by an attack wit,h 
an agent which is at least semi-persistent,, in order to 
insure continued wearing of the mask. A11 the tests 
given in Table (i were performed at 50 lpm; con- 
sitlcral)ly longer pwiods would be reqrnircd at l)rcatli- 
ing rates corresponding t>o rest, or modrrat,o c:xt!rc:isc!. 

It, should be noted that, the Germans wcrc aware 
of t,hc possibility of eliminating dexnrption of C:K :lml 
incrcssing the protection against t,his agent, 1)~ im- 
prcgnstion with pyridine or picoline. The cunistcrs 
issued at the end of’ World War II contained pyridinc:. 
Some Japanese canisters are amenable to this method 
of improvement, but, it was not used by the: Japancsc. 
Bot,h German and Japanese canist,er protections can 
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TABU 7. CYompnriHon of AC protection :&or&d by :tllird ~tld cncmy cnn&ers t,o tjllo hrcs,k point>s. 
A-.. 

Tnflucnl d(.)sngcs (mn min l>cr 1) required t>o the initial pcnet,mtion of phyfiiologicslly 
effect&e concent8r;ttions ur~dcr varions cnnditions _, “. - 

1~10~ mte, lprrl 
50 50 50 50 25 25 12.5 12.5 

Tnflucnl conccnt,m,tion, mg IX% 1 
4 4 20 40 4 4 4 4 , -..-_” .-.. .“,” 

ltelxtive humidity 
Cnnivt,er AR,-X0 SCrXO SO--SO SO-80 AR-80 XIX30 AR-80 so-so --_““_-- -. 

U.S. Army Ml GO’ 25’ 
1.J.H. Army M I A I 90’ 90’ 
I.T.S. Army M IO 130’ 130’ so 
U.S. Army Ml1 1551 1.55” 
U.S. Army MlOAl I X0’ I X0’ 1tXP 
U.S. Army MIXAl 140’ SO’ 
U.S. Army M9Al 300’ 300’ 
U.S. Navy Mark H 130’ 140’ 
U.S. Navy Mark nl 2101 2101 
British Mk U/T, 287 
Cmadiur~ Mk 11,/L 1001 ‘JO’ 
German FE41 IB” 10’3 
Ccrman FIC41P 83 
Qermrtrr l+42 443 w 
German F’E42P 523 
Japawc Army 99 82 4” 
dap:~ncsr: Army 95 I 2” H” 
Jnpnnese Navy 93 X2” 12” 
J:tpmese Civili:ln ,-,-..- .-_ 

Not?. Hupwnwiyt nurnl~ers refer In hihliom’~phicsl rcfrrmrm. 

likewise be improved and drsorpt,ion eliminated l,y 
impregnation with copper and c:hmmium. Thus, it, is 
obvious that, for t,his reason, as well as those listed 
in t,he int,r,otluc:t,ion of t#his chapter, the figures c@otl 
in Tables I, 5, 0, roprcsent minimum CX protect,ion 
afforded the cnnmy soldier at, t,he advent, of gas. 
Neverthcloss, it is apparent t,hat, it, would I)(: very 
tlilYic:ult. l;o ohtuin CK casualt>ies by canist,c:r pcnctra- 
t,ion even at the present level of minimum protection, 
unless the enemy were att,ackc?tl during prriods of 
strenuous activity when his canisters wcrc well 
humidified and replacement, r:anifitc:rs \VI’I’I: rmavail- 
al&Y 

II 2.3 Protection Against Hydrogen Cyanide 

A comparison of AC: protection affordr:tl t)y allied 
and enemy canisters to the break points for various 
conditions is given in Tahlc 7. The: superscripts aga,in 
rcfcr to the sources of the data. In gcncrul, the protec- 
lion afforded hy dry caniatcrs to initial pen&ration is 
less against AC than against, UK, and vice versa for 
humidified canisters; thus, t,hc: prot,c:c:tion against AC 
is slightly het,ter balanced. Thea J:~.~xLI~c:sc Army 99 

canister, c:ont,aining I-Iopcalite, is an csccption to this 
general rule; the: protection afforded by ihis canister 
when dry is considerably greator than that aff ordod 
against, C K. 

Tablo 8 shows AC: protection to initial penetration 
and tjo lcthul penetration. In gc:nc:rul, the factor of 
tlifkrc:nc:c betIween influent, tlosegc to these two t_vpcs 
of pcnelration is less in the case of AC than in the 
case 01” CJK. Tn other words, t,he rate of increase of 
effluent concentrat~ion with time is genera1l.y more 
rapid for AC: than for Cjli. In many instancefi, the 
protection to lethal ponctration is lower for A(: t,han 
for CX at8 modcratc breathing rates. 

The results of a few penetrat,ion c!xpr:rirnents, in- 
cluding tIesorption, WC summarized in T&lo 9. De- 
sorption from the: C:crman F%,42 and Japanese Army 
99 canisters is slow and limited. Hosorption horn 
German FE41 and *Japanese 95 and 93 canisters is 
much more extensive and mpitl. Little or no AC can 
be desorhctl from Type ASC’ whetlcri tc or from char- 
coals imprcgnuted with many other rnet,al oxides, 
such as i5nO. Furthermore, as not,c:tl in t>he case of the 
Ja,paneso Army 99 canister, Hopcalitc clirninat,es or 
reduces t,hia possibilit,y and incrcasw the protection. 
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TARTS 8. &mparison of A(: Prot>ection t,o initixl penetxnt~ion rind t,o lethnl penetzstion. 

Flow Tnflucnl, Tnflucnl, dosage (mg Ain per 1) 
mtr! cnncentxntion lnit,inl Id!lh~~l 

Cnnkkr *! HIT (Iprn) (wg per 1) pelvdi-rtticm periet&ion 
1J.S. Army MlAl 
IJ.8. Army Ml0 
TJ.8. Army MlOhl 
1J.H. Army M9A2 
German FE41 
German b’E41 
Gcrrnan WC41 
German FE41 
Germnn FE141 
Germun li’E41 
Ccrmttn FE4 I 
Germnn FE41P 
Ck+rrr~arr FE41 P 
Gcmman FE42 
Germnn FE42 
Germnn FE42 
Germttn E’E42 
Ccrmxn FE42 
German FE42 
German FE42P 
Germrtn lTE42P 
Japanese Army 99 
,Jtl,ptlncxr: Army 9!) 
J:tp:tnese Army 99 
daprtnetie Army 99 
,JnI>n,ntx Army 99 
dapnnese Army 99 
Japanese Army 99 
dspancm Army 99 
Jnpane~ie Army 95 
Japanese Army 95 
.Jtxp,zncne Army 95 
Jspnnese Army 95 
Jrtp~ese Army 95 
Japanese Army !L5 
Jnpnnese Navy 93 
Japanese Navy 93 
.JR~~BWSC Nxvy 93 
Jnpanese Navy 93 
J:tp:tne~e N:tvy 93 
Japitnese Navy 93 

5fb50 
A&50 
50 60 
5cb50 
5fs50 

680 
80 “SO 

O-80 
Mx?lo 

O-80 
SC-80 
SfHo 
SC-80 

8z 
&SO 

80~40 
f&HO 

SC80 
so-80 
SO-80 

8El 
O-80 

S&80 
S&SO 
SC-80 

O-80 
8cr80 

&SO 
80-80 

O-80 
Sfx80 

O-80 
x0-80 

O-80 
8&&O 

O-80 
SO-80 

O-80 
X0-80 

50 10 
no 10 
50 10 
50 10 
50 10 
50 4 
50 4 
25 4 
25 4 
12.5 4 
12.5 4 

50 4 
25 4 
50 4 
50 4 
25 4 
25 4 
12.5 4 
12.5 4 
50 4 
25 4 
50 4 
50 4 
25 4 
25 4 
25 1 
25 18 
12.5 4 
12.5 4 

50 4 
50 4 
25 4 
25 4 
12.5 4 
12.5 4 
50 4 
50 4 
25 4 
25 4 
12.5 4 
12.5 4 

90 
140 
200 
300 

30 
16 

8 
44 
24 

120 
36 

8 
28 
44 
56 

235 
275 
570 
705 

52 
235 

8 
4 

110 
12 
38 
18 

160 
75 
12 

3: 

2 
70 
32 
12 
75 
40 

160 
135 

165’ 
21.51 
270’ 
415’ 

6.5‘ 
403 
44” 
75” 

100’ 
176:’ 
128” 

44L 
105~ 

7B” 
160” 

3003 
380” 
665” 
X55” 
1203 
385” 

5B” 
44” 

240’ 
96” 

25%: 
126” 
3402 
335? 

40” 
32? 
SO2 
642 

135” 
1302 

fiO“ 
44” 

1252 
85’ 

220” 
225” 

The .TaprLnt:nc ausibry CO oaniot,crs would provide! uffordcd n.guinst, ft sclmi-p&st,ent agent whose de- 
ample protcdion aga.insl this itgent. In view of Ihest: &o&on on charcoal by hydrolysis or other reaction 
remarks, it must bo cont:luded that, t,he .Japanese is likely to bc t,oc-1 slow t,o :tffr:c:t f,hP dynamic reten- 
would soon be able to increase protection against AC tion. 
amply it’ the present protection were found to be Only a comparatively few breathw t,(:rits havt: b~?n 
inarL:quate at the advent, of gas warfare. performed with PS. The results of wm(: of t,hcsc t,cst,s 

are tabulated in Table IO 1 for a cursory comparison 

11.2.4 Protection ngainst C hloropicrin 
of canisters. Because t#he prot,ection is sut~ntantiul for 
all canisters in spite of the st,renuoon conditions of tl-lcl 

As stated in t,he int,rocluction to this chapter, PS is tests, it is obvious that all Allied or cncrny canisters 
considered only because test results with this agent, would provide more than adequate protwtion against, 
offer an est,imate of t,hc protection which would be agents like P8 under normal combat, conditions. 
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I'AHT~F. 9. Total AC penet,mtion aud t,imr to the pcnct,mtion of a lethal dnx~n includiw 
desorpt,ion after various exposures. (Tnflucnt, concent,rnt,ion = 4 rng per 1.) 

Time to Total 
pcnct,m,t,ion penetration 

FIOW InfluCnt of lethal at concentration 
rate dOS%p;i’ dosage >O.l nlg per 1 

C’:lnist,cl *i’o WI (lpm) (mg mirl per I) (min) (mg rnin per 1) ,. “,“,- 
&~.m>m FR41 so-x0 25 40 8.1 
Gcrmnn FE42 IMO 50 60 1.9 
C:erman E’E42 SO-SO 50 so 0 
,jnpanese Army O!l 80 80 26 SO 3.0 
J~~p~~,ncw Army 99 8rHO 25 87 55 5.0 
.lnpnnew Army !)9 so-80 25 100 8.3 
Japanese Army 99 so--so 25 120 13.0 
Jtq~anrsc Army 99 80-M) 25 140 l!l.O 
Jap~ncsc hrmy A.5 Ed 25 20 3.6 
J:1p>anrw Army 95 25 24 0.5 5.0 
.Jnpanese Arrr1.y 95 80 80 2 ‘ 5 40 15.0 
dqxtrlew Army 9.5 SO-80 25 80 41.3 
,In,pnnese Navy 93 M-X0 25 20 2.2 
.lnpanew Navy 93 SO-SO 25 25 3x 5.0 

80-x0 25 40 15.0 
80-80 25 00 27.5 ..” ,,“- 

Cnnivter 

TABLE 10. Compariwn of PS protection sffordcd by 
cncmy and allied canisters to t,hc hrcak points. 

~. _ ,” ._-- 
Influent dosages; (mg min per I, 

to initial pcnctration ---_ -. .^ ,-- 
Flow rate (lpm) 

50 50 50 50 

Influent conccntrxtion (mg per 1) 
10 10 50 50 

-,.-- 
Humidity 

AC.50 SC-80 xcHo AH. --50 
- .,- 

580 I 00 
670 140 
720 160 

ii 200 200 
I200 350 
330 
. . 160 
. . . . BOO 
. . 450 . *. 120 

.” ,- 

U.S. Army MlAl 
TJ.H. Army Ml0 
U.S. Amy Ml1 
IJ.S. Army MlOAl 
TJ.S. Army MTXAl 
IJ.8. Army M9A2 
British Mk 11/L 
Canadian Mk II/T, 
German FE41 
.Jqnnese Army 9!) 

11.2.~ Protection Against Nitrogen Ilioxide 

NO, ban frequently I~cn proposed as a war gas 
hecausc? of its reduction to NO on c:harcoal and the 
ew1.y Ilcnetration of this product. A few tests have 
been run on U. 8. and oncmy csnistcw to determine 
t,he protcxtion to penctrution of lethal dosages (con- 
sidereti as 16 mg min I)c:r 1 at concentrations exceed- 
ing 0.24 mg per l), inasmuch as the effluent concentra- 
ticjn of NO huiltis uy) slowly aft,er initi:tl penetration. 

TABLE 11. Compariatm of NC& protection afforded by 
allied and cncmy csnist,ers t,o the penetration of lethal 
dosages of NO. 

~..--I - -, 
Tnflucnt NOz do&e (mg min per 1) to 

pen&r&w of :t I&ha1 dosage of NO 

Ylow r:ltc (lpm) 
32 32 10 32 32 16 

Influent conocntmtioI1 (mg per I) 
4.3 4.3 4.3 21.4 21.4 21.4 

Humidit,y 
(>anistet An-50 SO -50 8&50 AR-40 S&40 AR,40 -.I- 
1.J.S. Army Ml1 800 500 750 r’ 
IJ.S. Army MlOAl 1000 550 1250 &I Gi iZ& 
U.S. Army M9Al 1450 !)50 1500 
German FE42 750 400 
.lnpnnec;e Army 99 375 270 ,- 

The awrugc results of t,hese tcxls are summarized in 
Talk 11. 

The protection &forded by all canisters at motlcr- 
at,e breathing rates and influent, concentrations less 
than I .5 mg pc:r 1 is practically unlirniLed if the thrcsh- 
old concentration considered is cowcct. At thetic: low 
influent c:oneontrations, the effluc~nt concentration of 
NC) will not exceed 0.24 mg per I for very long periods 
of rxposure. 

Naturally, the presence of NO even at low con- 
centrations will have a harassing effect, hut the 
protection against, serious injury to the rcspirstory 
tract is more than adequate for all canisters under 
normal conditions. 
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II 3 CONCLUSIONS provide bcttcr all-arourd protection than any canis- 
ters now issued hy ally or enemy. 

All U. S. canisters that are filled with Type ASC All Allied and enemy canisters afford ample pro- 
whctlerite and that arc issued at prcscnt for combat tection against Cc(T) NO2, PS, or similar gases under 
use provide adequate protection against all known normal conditions while German and Japanese canis- 
nonpersistent war gases. Indeed, the U. S. canisters ters are most vulnerahlc against AC and CK. 



Chapter 12 

PROTECTION AGAINST CARBON MONOXIDE 

By Kalph N. Pease 

.12.1 INTRODUCTION 

I ‘ l ’ HARDLY NMEI)H h be em[hSi.Zed tl-1:&t, CttdJOTl 

monoxide is a potential h:~z~trcl wherever air in 
contaminated wit,h the products of incomplct,e com- 
bustion. Fires that, are in erxhsrd spaces (it ship’s 
hold, for example), gunfire (wit,h high explosives gen- 
orally), products from flamtAhrowers, and engine ex- 
haust, (particularly when rich mixtures arc employed) 
may give rise to dangerous concentrations. 

The situation is the more serious sincr? the gas, 
being colorless and odorless, gives no real warning of 
its presence. The first physiological effects (heaclachc, 
drowsiness, dizziness, nausea) may easily go un- 
rccnpnizetl. Kvr:n if a simple, reliablt: chemical 01 
physical test wcrc available, there would still remain 
the problem of specifying a critical concentration 
under each set of conditions since varirtbles such as 
exposure-Lime, activity of the subject,, oxygen part,ial 
pressure, and similar factors must bc taken into 
consideration. For pr:lf:lJicd purposes 4 the following 
table gives rritIical noIlc:cntrat,ions. 

CorJceritra,t,ion (XJ 
vnl. uj* Effect 
0.01 No symptornc: for 2 hurs 
0.04 No syrrlpt,nmx for 1 hour 
o.ofko.07 TTc:ad>xhe rind unplc:wu~t 

syrrlptnms in 1 hour 
o.1co.12 Thngcmis for 1 hour 
0.35 Fatal in IeHH thnn 1 hour 

Values 21s low at 0.0025 t,o 0.0050% (25-50 ppm) 
have been specified ~1s permissible upper lirnit,s undr:r 
est,rrmc conrlit,ions (high-alti tudn flight). In thcst: 
circumstances, the only safe procedure would br! to 
supply complcto protect,ion for personnel whcrcver 
there is a chance: of exposure. 

Such prot,cct,ion may I,(: achieved in sornc cases 
either by efficient ventilation, provided t,his does not 
int,roducc new sources of t,hc gtts, or by the: usr of the 
relat,ively bulky oxygen h~lmcl, especially when C.X> 
concentration may be high and oxygen conc:cnt,ration 
low, or where high oxygen content, itself is essential. 
Howcvcr, when mobility is a considcr:btion and Cc) 
corioc:ntrrtt,ions art\ riot8 loo great (lfw th:m 2%)), the 
best solution is a suit:AP gas mask. 

Such :.L mtsli must tlcpcnd lor itIs effcctivcncss on an 

efhcicnt canister filling materie.l. The subject was 
widely investigated during World War L6 Direct, 
adsorption is apparently out, of the question with 
known adsorbcnts, though there seems to be no 

reason why a synthetic analogue of haemoglobiri may 
not ultimately br: prepared. (Dried blood is of’ no use.) 
Several oxidants have hecn evolved, such as ‘%ool~~- 
mit,e” (I& + fuming H,SO,), silvctr pcrmanganate, 
and some oxide mixtures. Most succ:t!ssful solution of 
the problem was the dcvclopment of Hopcalitc, 
catalyst, which utilizes oxygen of the air for oxida- 
tion of CO. Hopcalit,e is a rnixture of MnOnwit.h other 
oxides, particularl,y C:uC). It has become a univtbrsxl 
st~andartl material in (IJO c:anist,ers. 

.12.1.1 Hopcalite 

Hopculite is an c!xtraordinarily :tctive catalyst. 
PropcAy prepared and used, it, can give almost1 com- 
plete protection at, a space-velocit,y (hours) as high as 
50,000 at room temporatrrre. This is roughly cyuiva- 
lent, to passage of contaminated air (dry) at, 2 lpm 
through a layer of 2.5 cc of catalyst. Unf&unately, 
Hopcalite has scvcral undesirable characteristics. 
Since it is preparcrl from finely divided, precipitated 
hydrous oxides, t’hc cat,alyst, granules are often soft, 
and friable. More serious is its high sensit,ivity to 
poisoning by water vapor, which necessitates the use 
of a pro-drier. Further, Hopcnlite does not completely 
remove C>O at temperatures below 0 clegree CJ, 
though it still shows some activity ati low as -79 C. 
l’inally, as an inevitable consequcncc of tht! high 
Hopi, of oxidation of CO (67,600 cal per mole) excep- 
tionally high-t,empcrrtt,ure rises result from its use 
(98 C for only 1 y0 CO). Efforts have been directed 
at reducing some of thesc limitations. 

1.2 .l .2 Charcalitc Drier ’ 

The ndvantagc in long life which might bc expected 
to accrue horn we of Hopcalitc catalyst, is largely 
lost in practice because of poisoning by water vapor. 
lXffectJivr: lift then depends on the eficioncy of the 
pre-drier. For f,his purpose, CXla granules and silica 
gel have usually been employctl. However, t>hc former 
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in unsat,i$act,ol:y because drying is never complet,e, 
and liquefaction of the grar~ules at> high humidit,ies 
lo:& to the danger of channeling. Silica gel, t,hough 
mom officicnt, initially, has relat,ively short< life and 
tcm~s to swell and crack on wetting, 

In searching for an irnprovr!d pre-drier, atlvantagc: 
has been taken of t,hc trcrnendous surface, per unit, 
volume, of activated aharcoe.1. Clisrcotd itself is not 
a good drying agent, though its ulGrnat,c capacity is 
large. A stirface coating of high rnoistJurc retentivity 
is obviously needed. After several trials CaC& was 
chosen for t,he purpose, with HP03, MgCI,, or ZnC12 
as alt,ernatives. Distributed thinly over the charcoal 
surface, (perhaps in H unirnol(:c:ul~l,r layer) its residual 
aqueous tension is reduced far ?~Jow that, of the salt 
in bulk. The best charcoals for t8hc purpose proved 
to be a series of ZnCLact,ivated products manu- 
factured by National Carbon Company ; for example, 
CWSN I 77B3. These charcoals combine exceptionally 
large surfaces and pore volumes (average density 
about 0.25 to 0.30 g per cc). They take up not, only 

a nntxirnum cluantit,y of irnprcgnat,ing solution, but, 
also rotsin &urated solution satisfactorily during 
use in draying. That the salt, is well dispersecl through 
the charcoal is indicst,ed by the fact, that a prod& 
containing 400/i, by wci& C:aC:I:! is still coalblack 
except for occasional white flecks of clflorcsccd salt,. 

Charculitc has about, t&c the cffectivc life of 
Catc12 granules, and 4 Lo 5 times the life of silica or 
alumina gel. In a layer 2.5 cm deep by a 4-q cm sec- 
t’ion at 25 C, with air at 2 lpm, and 50% RH (I I .5 mg 
Hz0 per 1) Ihere is no detectable escape (condensa- 
tion at, - 79 C) for perhaps 30 min, a cumulative 
tfhl of 50 mg FL0 in 70 min, and of 400 mg (the 
effective life) in I30 min. Overall, a total of nearly 3 g 
of water would have been ret,nincd by 10 cc apparent, 
volume of Charcalito. Protection in pro~~ort~iorlntrly 
as good over a range of conditions, except t,hat at, 
higher tcrnporaturea (toward 50 C) there is a con- 
siderable loss in retentivity, though not relative to 
either CaClz granules or silica gel. At these higher 
temperatures, HP&impregnated charcoals have a 
marked advantage. 

Tncidentally, it is of interest to find that, Hopcalite 
catalyst itself is superior to silica gel ss IL tlricr. This 
is in harmony with the known pmoisoning :Icl,ion of 
water vapor. 

The general method of preparing C%arcaliLc in- 
cludes soaking active charcoal in 40°J, by wcighi, 
CXI? solution and then draining, and drying. In the 
last operation the material is first, oven-dried at 

I IO C: with frequent mixing to prcvont, efflorescence. 
Suhsc!quent,ly, it is heated to about, 250 C in :L large 
flask until the water contJent is 2oi; or less. (The 
charge catches fire in air at, 1.80 C: or above.) An 
essentJinlly similar process was cmployotl aucaessfullp 
for large-scale production. 

12.1.3 Gel-Type Hopalite 2 

The rnany shortcomings of Hopculitcl have already 
been noted. Tlic metJhoti of preparation dc:vc:lopcd 
during World War 1 involves the addition at, 50 to 
70 C: of solid KMn04 to a strong sollrtion of H.?S04 
containing MnSOd. This is said lo form manganese 
disulfatc:. 011 pouring the solution into wat(!r, a 
finely diviclc:d precipitate of hydrated MnOn (IWII- 

Gning some oxcoss oxygen) is formed. This is 
washed by decantetion until free of sulfatIe. Copper 
(or other mctul) basic ocrbonnte or hydroxide is prc- 
cipitated in the suspension, or separately. Aft,er miu- 
ing and further washing, the procipit,ate is filtered off, 
dried, compressed, and meshed. 

lt, has been found t,hat rmdcr certain conditions it 
is possible to obtain the product, in t,hr form of a gel. 
First experiments utilized solutions of NaMnO+ 
which is far more soluble t,lian tlic potassium salt,. 
When it, became nppa,rent that this salt, was not; 
nv:r.il::~ble in quan t&y, t,he m&hod WHS alt,erc:d so that 
solid KMn04 could be employed. 11, was found that 
a similar herd product was obtained by the following 
procedure. 

To a solution of 4 moles H$O., and Ili moles Hz(_) 
onequart,er mole of MnSC)e is added. This is heated 
to 50 to 70 C; then three-quarter mole of KMnOj 
(solid) is added slowly (temperut,urc tJends to rise) 
with vigorous stirring. This mixture is pourctl into 
40 liters of cool, distilled water. A very bulky 
flocculent precipitate separat,es after a minute or two. 
The prct:ipitjate is washed free of sulfate and 
filtered. After drying, ibis yields hard granules of 
high activity withotrl comprcasing. If copper is to be 
atldetl, the basic c:trbonut,c is separately precipit,ated 
from NazCOs and CuSOI sol&ms, and the suspended 
precipitat,es mixed after washing. Again a hard active 
Irrotluct, results. This catalyst shows less sensitivit,y 
to w:bt,c?r vapor t,han commercial gratlos untlor cc&in 
conditions. 

C)ne variant, containing silver and palladium in the 
atomic ratio 3Mn: 2Ag: IPcl is exccptionelly active, 
and \V:IS considered for use in cletcctor cquiprncnt. 
At tempts wcrc made to obtain large-scale prepara- 
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Con but, the failed to give mtiw protlrds. Tt, was 

found that, heat ctiects clue to Htlsor,ption-desorI)tion 
of (:&on diosidc were especially troublesomt: wit,h 
this ratalyst, (pcrhnps because of its silver content) in 
connc&on with detector operation, and the tl~:vclop- 
mcnt was dropped. 

The question of thermal act#ivation suhsoquent to 
:&rlal precipitution anrl w:&ing is an important one. 
1 t might, b(b assumed that the- sole requirement, is 
rcdllction in water coritCnt, blit this proves t,o be only 
part8ially t,rua. Samplw tlricd at I IO C and cnnt#aining 
:ts much as 20y0 of H,O have appreciable activity, 
wlierc>as samples heated to j100 C:, and containing 
less than lo/, of H# arc re&ively inactive. Furthw- 

more, :t sample dc~librrately drictl in a st,ream of 
humid air (50Cr0 RH at 25 C) at, 350 C.:, is found to 1)~ 
inact ivc even t,lioilgh water conLcnt is low. 0Lhcr 
s:l.mples dried in open flasks at, 300 t,o /IO0 C art: also 
of low activity. C)pl,imum activity is obt,ained only 
when :L lively stream of dry air is applied, or when the: 
sample is thoroughly evacuated (Langmuir pump) ; 
this only when temperature is below 350 C. 

It, ricems fairly clear that, thr residual moisture 
c*onLmt, of the aLmosphere surrormding the particles 
is :J, f&or, though the reason is not, obvious. Possibly 
it is a question of cryntul growth. 7’11~ available 
oxygen content (as MnOz) does not, prove a sat&- 
factory ir&x of act,iviLy. Many act,ivc samplee, 
especially afler vacuum treatment<, run as low as 
75% availnblc oxygen. On the other hand, totally 
inact,ive commercial MnOz powder registers 1 OOOj. 
Surfact> tlatcrminat,ions (N2 adsorpt,ion by the Em- 
mett-Hrunauer mcthocl) show tiornr correlation with 
activity (rspecially afLer higher tjc:mperatlure trcat- 
merit) but not, in any simple proportion. The precise 
sort of surface nlterat,ion involved remains; :I mystery. 

It seems cluit,c definite t,hat pronounc:r!cl improve- 
ment, in both the hardness and the activity of com- 
mt:rc:inl IIopcaliLc can be at,t:Cnecl. Formation of gel- 
type products is merely a question of altering con- 
centrations in t,he prcpurat~ion of MnOz. As to cf- 
fect,ivencsn of thermal activation and drying, com- 
mercial Iot,s of ITopcalil,c sometimes cont,ain as high 
as 5% of H20. The customary oven-drying at, 200 to 
250 C: rc:tluces t,his only moderat,cly, depending on 
at8mosphcric humidity. For optirnrlm activit,y a figure 

below 1% must, 1)~ attained. This requires higher 
t,emperaLures and cloncr control of drying conditions 
as well 3s subsequonl protection from moist air in 
the c:tnisLcr filling operat,ion, JusL how much im- 
provcrncnt in pracf,icr may bc made remains to bc 

seen, but, exporicnce with break-down test<s inclicat,Ps 
there is :b large margin. 

12.2 CARBON MONOXIDE REA.GII:N’I’S 

Over agail& Llir, MnO&ase Hopculitc catalysts 
arc substlances which oxidize cnrhon monoxide at the 
expense of their own ox.yg-t!n. Two sllch catalyst,s, 
silver pcroxidc and silver pcrmunganate, have re- 
ccived some at,tention in ICngland and Cu,nada and 
merit consitloration. 

SILVER PwlItc,xlIm 

This catalyst, is prepared by adding silvnr nitrate 
to an alkaline solution of potassium pcbrsulfate con- 
taining a little mangnnous sulfate, which is said to 
act as a stabilizer. The precipitate may be combined 
wit,h shreddot asbestos for prcpuration of granules. 
These granulr!s remove CO from air, for a time, at a 
rate comparnblc Lo Lhet of Hopcalit,c. A marked ad- 
vantage is their insensitivity to w&r vapor. Dis- 
advantages arc Lheir thermal instabilit~y, and the RS- 
tremely iargc: weights of silver required. 

SILVER PJGHMA~Tc-~.~N~TE 

This catalyst, is easily prepared by precipitation 
from solutions of -4gN03 ant1 IiMnO?. It, has been 
combined with CaCIZ and GO, or wit,h kieselguhr, 
before compressing into granules. Such granules also 
remove CO from air at a rate comparable to Hopcal- 
itc, and ha.ve t,hc: advantage of w&r insensitivity, 
although thc~rmul instabi1it.y iw again a handicap. 

Tt may be noted that the prepamtion in which 
Call, and CaO are inc:orporat,ed dry with AgMnOJ 
yields a markedly rnor(a active product, hut, one which 
is Icss stable at higlicr temperatures Lhan t#lint, in 
which AgMnOI is mixed with kiosclguhr. It, remains 
to be seen whether a suit&lo compromise between 
activity and stjabilit,y can be: achieved. 

12.3 CANISTER DEVELOPMENrl 

There was at, one time a thmand for an assault- 
type canister for use of LST personnel. Development 
wa~urtdertak(:nl)y theCWSL)cvclopment I&oratory, 
Massachusett,s Institute of Tc:ahnology. Ultirnutely 
it was dntcrmined t,hat, ahout lCj0 cc Hopcalite and 
90 cc C!harr:alite in an Ml 1. assault, canister woultl 
give the protection reyuirctl for a 30-min period. 

Anot,hc!r matter, at, one time believed t,o be a press- 
ing one, concerned the protoc:t,ion of aircraft personnel. 
It was suggested by the Bureau of Navigation, U. S. 
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Navy, that a unit might, 1~ developed as an adjunct, 
to diluter-demand 0xygc:n rcagulntor equipment. 
Exact rcquircmcnts wcrc not, specified but a long lift 
(up t,o 5 1~) was indic~ated. Pressure drop had to 1~ 
low, t)rcathing rates and C0 concentrations were not. 
to bc high, and allowannc: WU.B to be made for a wide 
range of temperature. Aft,t:r some experimentation,3 
it was concluded that a unit of 80 sq cm cross sect,ion 
(or larger) containing about I50 cc TTopcalite and 

300 cc Charcalitc!, woultl ho suitable. It was also 
shown tha.Lt :I. mixed filling might be employed, though 
with ssorn(a loss it] lift. Such a canister would protect 
for 5 lir from -30 to 0 C up to 0.01 “i; of CO or less 
against, an influent concentration of 0.05y0 of CO 
at 15 lpm. 

In both these cases it is understood that the 
problem was Illtimatcly solved by improved ventila- 
1,ion. 



Chapter 13 

CRITICISMS AND RECOMMENDATIONS 

By W. Cowway I’iercc 

13.1 INTKODUCTION 

T HI4 PRECEDING CHAPTERS of this report \V(:rC 
largely written in the period February to *June 

1945, and they reflect, therefore, the viewpoint,s held 
while World War II was still in progress. The present 
chapt,er is written in 1946, as the report goes to press. 
At this time it seems proper to review briefly the 
aocomplishment,s in gas mask development made 
during the war period and to point out somt! of the 
things that, wcrc left undono. Such a r&sum6 may be 
of use at some future date, even t,hollgh the problems 
of the future promise to be very different, than those 
of the present, because of tht: development, of the 
atomic bomb. 

In this section the writer will, as in preceding sec- 
Cons, treat the Snrvice and NI3H.C work as a unit, 
since in many instances the problems were at,tacked 
jointly. 

In tliscussing the dnficicncies of the program, thn 
remarks will necessarily represent the writer’s per- 
sonal opinion, which in some instances at, Icast, will be 
conjectural, since gas warfare was not, usctl. Escep- 
tion may be taken to some statements, since fre- 
qunntly Ihe all-too-meager data are subject lo various 
intcrprctutions. These comments are offered, there- 
fore, as the basis for discussion and with the hopt: 
that such discussion rnay lead to further improvc- 
merit, in t,ht! 1J. S. gas mask. 

13.2 ACCOMPLLSHMENTY 

A brief review may be made of t>ht! accomplish- 
ments in gas protcclion during the war period. 

1. Two types of domestic charcoal, from wood and 
coal, were developctt and put, into large-scalt: procluc- 
tion, replacing coconut charcoal. These tlomestic 
charcoals were not only mart: available and cheaper 
than nut charcoal; they wcrc, after impregnation, 
decidctlly superior in gas protzction. 

2. New impregnants wt:rt’ tlcveloped which, when 
usatl with the domestic charcoals, gave an adsorbent, 
that, furnished complete prot,t:t:lion against all known 
war gast:s, both clry and humidified. 

3. A lighl,wcight, mask was tlrveloped mit,h tht: 

canister attached directly to the faccpiece, thereby 
t?liminating rwad for a hosctube. 

4. Lighter :lntl more efficient canist,crs were dc- 
veloped. 

5. Protection against, aerosols was improved by 
development of asbestos-incorporatetl and asbestos- 
impregnatetl filters. All tht: later model canisters, 
M9A2, MlO, MlOAI ant1 Mll, hat1 asbestos filters. 

li. A single sheet, folded, asbestos-incorporated 
filter of high eRicit*nt:y and low resistance was de- 
veloped. This made possible tht: development of tht: 
axial-flow Ml I canist,cr which was directly mounted 
on the facepiece. It is reportetl that the Germann 
considered the Ml1 to be the best canister they had 
examined. 

7. Many components of the gas mask, such as tht, 
t:ye lenses and the outlet valve, were improved. 

8. Methods for testing t,hc performance of ad- 
sorbents, filt,ors and complctcd canisterti were made 
mart: realistic and rigorous. As a result, t,he overall 
standards for procurement, were raised. 

9. htlvunccs were made in theoretical knowledge 
of the factors which govern the removal of gases and 
aerosols by gas mask canisters. 

10. Useful studies wcrc made of tht: rrltttion of the 
surface structure of charcoal to adsorption, retcntiv- 
ity, and effectivenefis as a carrier for chemical agents. 
Knowledge was gained concerning Ihe activation 
process and the variables which affect, t<ht-! nature of 
the charcoal surfare. 

Il. Ext,cnnive studies wcrc made of the aging of 
impregnat,t:tl charcoal under a variety of storage and 
IIKC conditions. These stutlies led to the dcvelopmt:nt 
of adsorbents whose field life was increased, and to 
better methods for packaging masks and canistars. 
Improved laboratory methods for surveillance wcrt: 
developed. 

12. A hctter understanding was gained of the ex- 
tent, to which water is adsorbctl by impregnat,t:d char- 
coal and of the effect which t,his adsorbed water has 
on gafi prot,cct,ion. 

13. Stutlies were made of the mechanism of re- 
moval of the important, war gases by impregnated 
cliart:oal and of the possibilit,y of “poisoning” the 
adsorlwnt, by one gas so that, t>hc canister may be 
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penetrated readily by a second gas. It was concluded 
that, present ABC: charcoal is not poisoned by any 
known gas and that th U. 8. canisters are not vul- 
ncruble to such a scqucncc of gas attacks. 

14. Extensive comparisons wcrc made of the gas 
protection of IJ. 8. and foreign gas mask canisters. 

It was found that,, in overall protection under a 
variety of conditions, U. S. canist,crn arc superior to 

corresponding types of foreign c:unist>crs. 
15. A superior drying ugcnt,, Charcalitc, was de- 

vcloped for use in carbon monoxide canisters to pro- 
tect the Hopcalite cat,alyst against, t,hc! poisoning 
a&ion of water vapor. 

13.3 CRITICISMS 

The accomplishments of the war period, listed in 
part in the preceding section, are a source of satis- 
faction to all who participated in the gas dcfcnsc 
prog’ram. But despite these developments and im- 
provements, criticisms may be made of the overall 
program and of the status of gas protection at the 
close of t11c: war. 

l’orhups the major criticism is that, it, has never 
been posaiblo, because of manpower shortages and 
organizational diffic:ultic!s, to provide truly atlcquat,e 
field tests of gas masks under conditions that) might, 
prevail if gas wurfarc wcrc employed. The only field 
tests mudc during the war wcrc limited in ticopc and 
usually designed to test some particular item. In 
combat operations, the gas masks were usually dis- 
carded as soon as it was found that the enemy was 
not using gas. 

It is felt that much useful information might have 
been gained by the establishment, of a test, unit, whose 
sole duty was to use anti-gas cquipmcnt, in field opcru- 
tions under simulated gas warfare conditions. Such a 
unit was formed in 1918. Despite the fact that actual 
gas warfare was used then, the reports made at that 
time indicate that information gained from the field 
t,est unit was a great help in solving problems of 
design and use of masks. 

Bocuuse of the lack of adequate field testing, thcrc 
are many questions concerning gas masks which are 
not yet completely answered. Some of those may be 
listed : 

I. Which is the better mask for all-round use, a 
hosct,ube or facepiece canister t,ypc? Certainly the 
lat,tCr is preferable on the basis of lightness and frcc- 
dam from intcrforenco. But if it bccomcx ncccssary 

to wear masks continuously for 12 t,o 36 hours, which 
mask is preferred? 

2. For all-round use is it better to mount the 
canister on the cheek, as in the combat mask, or on 
the snout, as in the German mask? Each position 
may be superior for certC1 requirements. 

3. What degree of waterproofing of the canister is 
noc?dc!d by combat, troops operating under various 
conditions, such as living in the jungle and landing 
from boats? Will the waterproofing devices now pro- 
vided prove adequate under various field conditions? 
‘1410 writer suspect,s that they are not adequate, par- 
ticularly for the M3-1OAl-B mask. 

4. Dots the M7 carrier for the combat mask pro- 
vide adequate protection for the canister? Will this 
carrier stand up under severe usugc? Will it, maintain 
its waterproofing? Should a fragile canister, such as 
the Mll, be provided with a metal carrier to protrct 
it against damage? 

5. What is the tolerance of well-trained troops to 
prolonged wear of a mask rmder jungle wurfurc con- 
ditions? To what extent does the wearing of masks 
reduce the efficiency of trained men operating as in 
jungle warfare? T&s by t,ho Medical Division indi- 
cats! that, under t,ropical conditions the tolerance for 
a mask is very limit&. 

0. How much of a hundic:ap to vision is imposed by 
present masks, for men at various typos of sctivit,y? 

7. Of how much importancr! is t,hc canister breath- 
ing rcsistsncc? Will a rntluction of resistance by 30 
t,o 40 mm decrease the amount of fatigue oauscd by 
wearing the mask? (It has been rcportcd by purtici- 
pants in the jungle trials at Innisfall that if the 
aerosol filter is removed from a British canister the 
mask is much more comfortable to wear.) What’ 
limits should be set for the breathing resistance of the 
mask, both for inhalation and for exhalation? 

8. How important, arc: the weight, and bulk of the! 
mask? 

9. If troops arc forced t,o don masks after several 
days under combat conditions, what, is the incidoncc 
of serious facepiece leakage because of dirt and 
beards? 

10. How important, is it to have better speech 
transmission? Should all masks be of a diaphragm 
t,ype? 

Il. Will froczing of valves cause trouble if masks 
arc usc~l int,c:rmit,tc:nt,ly by troops operating at sub- 
zero temperatures? 

12. Arc nose cups desirable? 
13. Is it possihla to fight, effectively in a tropical 



RECOMMENDATlONS 209 

climate while wearing a mask and full protective 
clothing? If not, the plans for clistribution and use of 
clothing should be modified. 

When conclusive answers are obtained for tllcsc 
questions it, will then be possible to dclinoatc more 
definit,ely than ati present the objectives which shor~ld 
be sought, in the: d&n of the gas mask and accessory 
equipment. 

13.4, KECOMMEND.ATIONS 

The whole question of gas and acroxol prolcc:tion is, 
at, this time, vory much confused. The lack of gas 
w&arc in World War II, t,he possibility of deadly 
acronols such as bacteria or radioactive dusts, and the 
certainty that, fut,urc wars will be fought with differ- 
cnt weapons than in the past, all combine to make it 
impossible to make a clear statement of future ob- 
jectives. Some would advocate making the mask as 
impcnct,rablc as possible, perhaps going so far as to 
rccommond self-contained units with oxygen supply. 

Others feel that, it is not possible to protect against 
all possible hazards and that a considered risk should 
be taken in order t,o rnakc the musk as light and com- 
fortable as possible. 

Tn view of present uncertaint,y, it, is belic!vcxl t>hat 
immediate clcvclopment should be focused on irn- 
proving the comfort of the mask, keeping t,hc: stand- 
ards of protection about as in the M4-I 1-7 unit. 
When a thoroughly satisfactory maxk has been de- 
vr:lopcd along these lines, it will bc possible t,o mako 
a better evaluation of the overall policy regarding 
protection against, hypot,hetical sgcnts of future wars. 
If such a development, is undert:l.kcn, the following 
points should be consitlorcd. 

1. Placement, of canister, on cheek or snout. 
2. Improvomcxit of vision. 
3. Improvement, of speech transmission. 
4. Use of mus3tard rcsistunt facepiece materials. 
5. Waterproofing. 
0. Light weight of complete assembly. 
7. l&xpic:c:c Icakage. 
8. l&r! of carrying the mask. 
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Chapter 14 

GENERAL METEOROLOGICAL PRINCIPLES 

By Wendell M. Latimer 

14.1 ATMOSPHERIC STABILITY 

14.1.1 General Principles 

A IR xs in a stable Stttte of equilibrium when n 
volume of the air, which is displaced a small 

dist>ance up or down, t,cnds to return t>o its original 
position. Unstable air, when displaced upward, is 
acted upon by forces which tend to accelerate it in 
the direction of the impulse, while stable air is tle- 
celerated. The acceleration, which acts upon a volume 
of unstable air, depends upon the difference in dcn- 
sity between it and its surrounding air; but aincc air 
is a compressible m&urn, changes in pressure and 
temperature occur, so that thn difference in density 
of both the displaced volume and its surrounding air 
vary from the initial conditions. When resulting 
temperature changes cause condensation of aqueous 
vapor, the heat of vaporization is liberat,cd and the 
density changes are further complicated by this heat. 

Atmospheric pressure decreases with increasing 
elevation and from the lirsf; law of t,hcrmodynamics 

dT=dd!+RT* 
c, c, p ’ (1) 

where T is absolute tomperature, Q the heat added 
to the system, R the gas constant, C, the specific 
heat of the air at constant pressure, and p is the air 
pressure. If no heat flows in or out of the system, 
d& = 0 and the process is called adiabatic. Then 
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where CI, is the specific heat, at constant, volume. 
From the average decrease of pressure with altitude, 
the rat,o of change of temperature for t,hc adiabatic 
transfer of air from low levels to higher lcvols is about 
1 degree C per 100 m or 5.4 degrees I? per 1,000 ft. 
This-is known as the adiabu~ic lapse rate. 

The condition for the st,ability of dry air is not 
that the density must dacrease and the temperature 
increase with altitude, but that, the temperature shall 
not decrease more rapidly than the dry adiabatic 
lapse rate. 

The normal lapse rate, that is, tho normal decrcxse 
of temperature with altitude, is about 3.3 degrees F 

per 1,000 ft. An air mass with this lapse is stable, as 
is indicated in Vigurt: 1. 

To interpret Figure? 1, lc(; a volume of air bc taken 
from Ihe level k to the level 1. If it is dry air (or air 
which will not bc:c:ome saturated in the process) its 
temperature decreases by the adiabatic: rate, that is, 
line Zk is parallel to line CD. Tts tnmperature at, I is 
less than that, of the surrounding air which has a 
temperature corresponding to m. Therefore its tlcn- 
sity is grcatcr than that, of t,hc surrounding air, and 

t 

TEMPERATURE 

FKWRE 1. Relation of stability to lapse rate. 

the displaced mass tends to roturn to its original 
Ievcl. If the rate of decrease of ternpcraturc with in- 
crease in altitude for As had been great,cr than for 
CD, the tomperature at 1 would have been warmer 
than that of its environment and the air mass would 

have been unstable. 
The dependence of the lapse rate upon the rate of 

fall of pressure has been indicated in the last para- 
graph. However, there is an interdepcndencc of the 
two factors as indicated by the following argument. 

The rate of fall of pressure with height is propor- 
tional to the density d. 

where g is the accelerat,ion due t,o gravity. But for a 

21.3 
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gas cl = p/RT, and if the tempr:rat,urc: wcw const,ant 
at all heighk, by integration 

P  P  
log -  z!r x- .  

P O  M’ 

(4) 

Actllally, howcvcr, temperature falls off and may 
be rcprescntcd usually by a straight line function 

T = To - uz, (5) 
where To is the ground tcmporat>ure (absolute). T-Tetwe 

In dealing with air masses which arc subject to 
c:hsngcs in both temperature and pressure, it, is con- 
vcnicnt, to have some standard rcfcrcncr: condition 
for t,hc sake of comparisons. Such a factor is the 
p&&al tenrperature 8, which is dcfmcd as the tem- 
pcraturc the air would have if brought, atlixbatkally 
to a standard pressure (1,000 millibars). From cqua- 
t,ion (2) 

At 25 C: the specific heats of dry air arc C, = 0.239fi 
and C’ - 0.1707 cal per g. Hence ,I, - 

c, - c;‘, 
~ = 0.288. 

CP 
(8) 

Atmospheric stability may he tlcfincd in terms of 
pot,cnt,ial temperature. 

For st,ability, the potential t,ompcrature must de- 
crease with height. For instuhility, the potential 
temperature must increase with height. 

14.1.2 Moist Air Stability 

The crit,eria for the stability of dry air apply wit,11 
sufficient accuracy to moist air, cvcn though there is a 
slight diffcronce in the specific bat, values, as long as 
the movement, of the air fails to produce saturation. 
The vptluc for the saturated atliuhatic lapse rate dc- 
pends upon that t,emperature and pressure of the air 
hut, is not simply related to the altitatlo. A number 
of graphical thermodynamical methods arc in use for 
solving problems involving ascending saturated air. 
An example of such is the aerogram. In this method 
log T as abscissa is plotted against; T log p as ordinate. 
htherms are shown as vertical lines arltl isobars as 
nearly horizontal lines. The graph has three sot,s of 
linen: (1) constant, maximum, specific: humidity (dew 
point, lines), (2) dry adiabatic, and (3) moist adia- 

bat,ic. At low temperatures and low pressures, lines 
(2) and (3) art: nearly parallel but, they diverge 
greatly at high tcrnpnratures and pressures. 

By means of such a diagram mcasurcmcnts of 
t,emperature and relativo humidity permit, the caku- 
lation of the level at, which ascending moist, air will 
form a cloud and also the thickness of the cloud. 
Since the purpose of this discussion is to givo a 
foundation for consideration of problcmn on the: 
curt,h’s surface, it is not necessary to amplify t,he 
problem of saturated air and cloud formation. Rcfer- 
ence should be made to a st,andard text.l” 

TEMPERATURE 

Vrcum 2. Diurnal vari:hm in nir tempcrat,ure nenr 
the ground; (A) night; (B) cvcning; (C:) midday; (D: 
d:ly-adiabat,ic. 

The arguments in the previous paragraphs have 
assumed t,hat a volume of air could be displacr:d 
vertically without distIurbing its environment. Actu- 
ally an ascending current is normally halancctl by a 
descending current. The coexistence of suc:h adjacent 
currents modify somewhat the! conditions for nt,abil- 
ity. They give rise? to .solenoiu’-prodzlciv~y terms. ‘JXrsr: 
do not greatly affect dry air prohlcms but do lead to 
slight changes in the criteria for the stability of 
saturated air. 

148.2 METEOHOLOGY OF THE GR&JNU 
TAYER 

The layer of air near the grormd tends to assume 
thr: grount-l tetnperuturc:. The large tliurnal heating 
and cooling of the earth’s surface is thus accompanied 
by corrcspontling changes in the air next, t,o the sur- 
face. Thc~se eflfects are illustrated in Figurn 2 and 
Figure 3. 
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Th(? wry high ground temperdurcs in midday rend 
early :~ft~ernoon gjvc rise t,o tempwutrlre gratlicnts in 
t,he air which are in excess of the dry-adiabatJic: lapse 
idc. These contiit,ions are refwrwl t,o as smqw~din- 
bntic bnpsc or cA:n its high lapse or st,rong lttpae. As 
thy ground cools itt night, tlw temperat,wc gradifd 

of tlir stir new t>lic ground irivcrts from th: normal tb- 
crease with height t,o an irwrease wit,lr bright. This 
condition is wferred to LLS iavcwio~ A cross-over 
occurs in the morning and evening where thcrc are 
zero or normal In,psc: gradients; th~sc are known as 
neuhd codit ions. 

sq cm. On tJlic itveragc, B”/;, of the incoming ratii:l,- 
t,ion is scat,t,crecl or roflect,ed t)d int,o sp~tce. This 
rdcrtion is due to such surfaces as dusL cloucln or 
narth’s surface and for ~tny region is 811 hjcct to con- 
xiderablo variation. Thus, clouds ant1 snow-covered 
ground m:ty retloct SO%, of the ratlirdion, :mtl the 
rcflectIion from wnt,rr surfaces is much great,or than 
from the ground. 

Most, of t,he sun’s radiation lies within the limits 
of wavelengtlrs 0.2 t,o 3 II, ahout, half within the 
visible range 0.4 to 0.7 k and hdf on the: infrared side 
of Llre visi blc. The atworptIiorr t)y osygc:n und nitJrt)gen 
molcdes is rqligiblc except, in the ult~raviolet~ t&w 
0.3~. Most, of Lhis appcurs to 1~: due to Aomic osygen 
at, lo&km levels :md t80 ozone around t,hc 40-km 
level. Carl~n dioxide abs;orbs in :I, narrow band 
a,round 15 p. The :d)sorpt,ion of w&r vapor lies in 
t,tw region 5 t;o tl p arid 15 p to longer wavelenglhs. 

Since both the COa :UK~ Hz0 vapor :rl)sorption I’R- 
The niwn energy of solftr radi:r,tiori just outside the gions arc so f:tr out, in the infrwed, t>hcse absorptions 

cwth’s atmosphere is given as I .93 cd per rnin per do not, rwrrove an appreciable urnount, of energy from 
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the dire& solar racbdion, but, they do play an im- 

portant part in both the crnission and absorption Ol" 
atmospheric-t,emperaturc radiation. 

Because the average yearly temperature: of the 
earth is fairly constant and the amount of solar 
energy absorbed by vegetation is a small fraction, it 
follows f,hat the energy of the: t,emperaturc: (black 
body) radiation of the earth’s surface and atmosphere 
must bc approximat,oly equal to the amount of solal 
radiant, mergy. 

From t,he Stefan-Boltzmann equation, 

E = 8.22 x IO-llT* , (9) 
the! effective black-body tomperaturc of the earth as 
a ratliat,or to space may bc calculated. Using 38 U/U as 
the losn of solar energy by reflection and tlididing by 
4, the ratio of the area 01 the surface of a sphere to 
the area of a circle, we have 

0.62 x 1.93 
4 

= 8.22 x lW1’T4 

or 1’ = 246 K. 

This value is too low by about 40 degrees C. 2’1lc! as- 
sumption that, the earth radiates as a black body is 

fur from exact, and the actual value of the temperu- 

ture should be higher than that, calculatctl. Moreover, 

WAVELENGTH ti 

t,he eurt,h’s temperature is depcnclent, upon evapora- 

tion, condensation, and turbulent wind c:onvectiori; 
these factors arc also involved in the departure from 
black-body conditions. 

Since the wavelength of maximum emrgy in 
black-body radiation is inversely proportional t,o thr: 

absolute tcmperatSrlrc?, and sinao t,he ratio of the tem- 
peratures of the wn and earth is about 20 (t,hat, is, 
6,000/300), the mnsimum energy of the: earth’s 
black-body radiation lic?s around 10 p. This is in the 
region of Ihc water vapor bands and much of thr: 
outward radiation from the earth’s tiurface is thcrc- 
fort absorbed by the utrnospheric water vapor (RCC: 
Figure 4). However, it is notIed that, there is a Iran+ 
pa&t, region in water vapor between 8 and 15 p, and 
it follows that an appreciable fraction of the radin- 
tion is transmitted. 

The water vapor and carbon dioxido of the atmos- 
phert: omit radiation in the same regions in which 
they absorb. This gives rise to an atmospheric radia- 
tion back to the earth’s surface which is highly im- 
portant. If the temperature of the ntmosphcrc! is 
much coltlcr than the earth’s surface, the at,mospheric 
radiation is small in comparison to that of the surface 
because of t,he T4 dcpcndence of the energy, but if the 
temperatures are nearly the same, as they normally 
are, they differ only by the amount of radiation trans- 
mitted by the water vapor in the 8 to 15 p region. 

With clcnr skies the! incoming atmospheric radia- 
tion (sky radiation) is between 50 and S5u/, of the 
black-body vnluc~ corresponding to the: temperature 
of the air near t,he ground. The variations are largely 
due to changes in the relative humidity or weight of 
wutnr in the air, but the total pressure: and tempera- 
ture differences in the upper atmosphcro are also 
factors. 

Various formulas have been proposed tjo calculate 
the sky radiation. Angstrom gave 

R 
- = 0.806 - 0.236 x IO--0*o=e, 
r”b 

(10) 

where R is the incoming radiation, Fb the black-body 
radiation at the tcmperaturc of the air near the 
ground, and e is water vapor pressure in millibars. 
Brunt found that the experimental data are quite 
accur’atoly exprcssetl by lhc equation 

R -T!!Y 
pb 

0.526 + o.oc;sd~. 

Rabitzscli wrote 
R 0.135p + B.Oe - z!zz -__- 
Fb T ’ 

(11) 

whore 71 is air pressrlrc: in millibars and T is absolut,(: 
temperature. 

Taking as an example the set, of conditions, 
p = 1,000, e = 15, and 1’ = 300, one may calculalc 
from equation (I 1) A/F!, = 0.75. F,, at 300 I< is 0.60 
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c:al pvr cm per min. Honc:c E, t,he sky dintion, is 
0.1~5 al per min per sq cm and the effectivf: ouLwarc1 
rdirttion of n black tdyon the e&h’s surfu~c \~ould 
lx: 0.00 - 0.4.5 = 0.15 (:a1 per min per sq cm. 

For the same sot, of data, BruntI’s equation would 
give : 

R -- r!!z 
FL 

026 + O.OU 1/ I li = 0.78 . 

hngstrt)m and Asklof have sl~own that there is a 
simple linear relation between t,hc: cffcctive outward 
radiation slim the sky is clear, Ho, and when the 
fraction ~~/10 of the sky is overcast,, !I:,,; 

w 

The value: of /C tlq~ntls upon the type of cloud: for 
low clouds 1 t>o 2 km LLI~OVC the ground (st,rat,us, 
nimbus, st,rut,oc:rlniulrls) k: = 0.9; middle clouds (allo- 
st,rat,us at 3 km) k: = 0.7; very high clouds (cirro- 
stratus and cirrus, at, al~o1~1, 7 km) k = 0.2. 

6- 

6- 
z 
Y 

5 
‘3 4- 

Y 

2- 

IO 

-2 -I 0 + 

TEMPEFIATURE CHANGE C 

~IMJP& 6. Heat bnhce of the free nir over Idnnhg 
in .Jnne, clear sky (:tfl,cr MAlh). 

Tllc atmospheric counterradiation must depend 
upon the mass of’ the atmosphere and therefore de- 
crease wit,h elevation. Angstrom gave the following 
data, but it should he kept, in mind that they repre- 
sent average contlitions and arc subject to variation 
with changes in tcmpcraturo and humidity. 

ldlevation, rrwtcrs 0 1,000 2,000 3,000 4,000 5,000 
Countcrre.dintion, cd 

per min per BY cm 0.44 0.37 0.31 0.25 0.21 0.18 

The net outward radiation also depends upon eleva- 
tion. Absorption diminishes as the amount of water 
v:qor in the atmosphere (above) decreases, but at 
tllr: same lime the outward radiation decreases as the 
wutcr vapor decreases, and also as the temperature 

I I I I 

AIR \ 

\ 

SURFACE \ 

30 40 50 60 
TEMPERATURE P 

falls with clovution. As a result of thcsc opposing 
factors, there is a maximum in the effective outward 
radiation at, elevations around 2,000 to 3,000 tneters 
above sea level. The ground surface gains energy 
from the solar radiation, but the net effect of radia- 
tion on the atmosphere is always cooling. 

Ngure 5 (from Miiller) indicates the ratlist,ion I& 
ante on a clear day. With clouds prcscnt, t,lic: sitila- 
tion is markotlly ~tlt,cr~d as water part,ic:lcs cllcck the 
outward flow of radiation and incrcascs the: counter- 
radiation of Ilic almosphcre. 

14.4 GKOIINI~ ‘I’I~:MPEKA’I’IJKIIS 

The black-body temperature corresponding to 
maximum energy density of the solar rays on the 
earth’s surface, O.(i2 X 1.93 cd per min per sq cm 
(that is, sun directly overhead and corrections made 
for scattering), is 347 li or 74 C. The theoretic maxi- 
mum may exceed this value as a clear dustless sky 
rmty transmit more than the assumed fj2(yU. Maxi- 
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mum ground surface tc!mpc:ratures have been re- 
ported of 71.5 C a2t the Desert, Laboratory, Tucson, 
Arizona, and 69 C: in Agra, India. 

Results of Sinclair at, the I)csc:rt, I&oratory in 
Tucason, Arizona, are given in Figure: (5 t>o illust,ratc 
air and earth graclients with rwpcxt, to ttw grountl 
surlace. 

It is observed that, the tcmpcruturc falls rapidly in 
tbc soil below the surface. In fact this rapid falling off 
makes it, very dificult tjo IIULSIII'I: surface tcmpera- 
Lure accurately. At, the fiurfacc there is a disconti- 
nuity between the air tetnperature and the surface 
temperature. At, least there is a region in which no 
accurate measurements of the air gradient have been 
made, and from the very nature of t,he problems the 
convection air currents must be such as to rendcr the: 
temperature indefinite. 

The surface temperature is obviously a. function of 
the rate of transfer of heat to the air and the con- 
ductivity of heat, down into the soil. The first of thoar: 
depends upon the velocity of the air and it,n t,urbu- 
lence. The condrrctivity of the soil and other surface 
materials varies greatly. Values for various sub- 
st,ances arc given in Table 1. 

Tmrx 1. Heat cof~duclivity (cd per cln set C). 
~ “--~ ------ _.-- _ .x 

Air 0 C 5.6 x 10-5 

TQmlt 6.2 x 10-s 
Cl&Y 2 x 10-3 
Concrete 2.2 x 10-a 
Dktornaccous cnrth 0.13 x lo-~ 
Brick 1.1 x 10-s 
Granite 5.2 x lo--” 
GypSlUll 3.1 x IOF 
P&I.‘Cl 0.3 x 10-i 
rr!rr,t 0.4 x 10-a 
Snow 0.1 x 10-a 
Soil (hcevy) 1.5 x lo-” 
S$iI(Y’ 0.7 x 10-x 

Wf;od 
1.3 x 10-3 

0.4 - 0.8 x 10-A 
~ -.. 

Because of the low conductivit,y of air, types 01” 
ground which contain high proportions of air show 
low heat, conductivity. The conductivity of grass and 
other vcgctation is also low and it is noted from the 
t8ahlc that, the value for snow is the lowest listed. 

If two substances havo the same albedo but, diffcl 
in thermal conductivity, the substance with poor 
conductivity will be hcatcd to a higher tcmpcraturc 
by t,he solar radiation in the day time and will bc: 
cooled to a greater degree by the thermal radiation 
at night. Thus the diurnal variation in temperature: 
will increase in the following order: granite!, COINYC~P, 
clay, heavy soil, light soil. 

The variation will be greater over grass than ovel 
bare soil. Snow forms a highly insulating blanket, but 
at night the xr~facc tc:mperature of the snow will fall 
more rapidly than ordinary ground. In the daytime, 
snow reflecls such a high fraction of the sun’s radia- 
tion that it doc:s not, show an abnormal heating. The 
effect of the low c:onduc:tivit,y of wood is noticcablc 
on frosty mornings when ttic coating of frost will I-)(> 
much heavier on a board walk than on a concrc+ 
walk. 

The presence 01 moisture on the surface grcat,ly 
rtducos the diurnal temperature variations. If the 
soil is moist, part of the energy which woi~ld other- 
wise heat the soil will be expended in vaporizing the 
water. This effect increases with the por’osily or water 
content of the surface material. Thus, for granite the 
&cat is slight, for moist sand, half of t,he radiant, 
cnargy may be so expended, and for peat as high as 
80% of the energy may be used up in this way. The 
process of vaporization essentially transfers the 
cncrgy t,o the: atmosphere as the subsequent con- 
dcnsation of the water vapor will again release the 
cquivalcnt cncrgy. 

Thr: c:ffcc:t, upon night radiation cooling is not, so 
direct, since a moist, surfucc may be an c:ffcc:Cvc 
black-body radiator. Howcv(:r, if the atmosphcrc is 
near saturation, the cooling of ~11~: surfacc: results in 
the formation of dr:w or frost and the heat, liberated 
on condensation will incraase the surface: tem- 
perature. 

Diurnal temperature variations of the ocean’s sur- 
face are small, about 1 clegrcc C being the maximum 
change between’ day and night. The solar radiation is 
not absorbed on the surface as in the soil, but pene- 
trates to a considerable depth before the absorption 
is complete. Thus the heat is distributed over a large 
volume of water with a correspondingly small rise in 
t,c:mperature. However, in very shallow pools, the 
sand on the? hottom will ahsorb the radiation and 
transmit, it, t,o t>lic water so that in this cast ::+preci- 
able temperature rise may result. 

At night, the surface radiates its corresponding 
temperature radiation but as the temperature of the 
surface decreases, the increase in density causes t)hc 
surface water to sink, and thus again, the total ticat, 
change is distributed over a large column. 

14.4.1. Albedo Effecl 

An average value for the solar radiation reflectcti 
and scattered by the earth’s surface has been given 



CONVECTION, TTJRUULlr;NCE, ANI) GIJSTINESS 219 ’ 

as 38%. The specific effect, for various types of 
substances is obviously an important, factor in de- 
tcrmining the surface temperatures and accounting 
for thermal differences which exist, along the hori- 
zontal. l‘hc albetlo (ratio of reflected to inciclent radi- 
at,ion) for a number of substances is given in Table 2. 

Hack soil 0.14 0.08 
Grnnite 0.14 
S(nnd 0.18 n.oi 
Short3 Kravfi 0.25 
Tall gr:w 0.32 iii 
Old firlow 0.70 . 
New snnw 0.81 I 

14.5 C:ONVECTlON, TIJKBIJT,ENCE, ANI) 
CUSTTNtiSS 

Turhulcnce and convect,ion are more import)ant in 
the transfer of heat in thn atmosphere than is radis- 
tion. Pctterssen cstimatcs that, undor normal oondi- 
tions, eddy transfer of heat is ahout 100 times as 
large as the radiative transfer. Most of this eddy 
transfer occurs in the daytime untlor high lapse con- 
dit,ionn. 

The vertical movement of unstable air is called 
convection. Whenever the ternpcrature gradient, ox- 
ceetls the dry adiabatic lapse rate, the air is unst,ahle 
and should rise, but actually no overturning occurs 
unless a considerable impulsa is ftpplid Thus, very 
near the ground, the lapso rate may be 800 to 900 
times t,he adiabatic. 

Geiger gives the following calculation of the ac- 
c&ration of a parcel of air which has a tlempc:ratlure 
gradient, of 0.84 degree hctween t,hc height,s 5 and 
10 cm. Expressing 0, t,he accelnrulion of gravity in 
met,erc; per square second and t, the. t,ime in seconds, 
the acceleration in meters per square srxo~~cl is: 

d% T - y” 
-= -. 
dt2 g- T (13) 

If the particle is lifted from the: 5-cm level to the: 
IO-cm level and T is 300 I<, 

The partick!, displaced only 5 cm from its original 
posit,ion, would move 1.4 cm in the first, second md 
after 4 seconds would be 0.25 1x1 above it,s original 
position. The acceleration would increase so that, 

theta values arc too small. At these velocities an ad- 
justmcnt to the temperature of the surroundings is 
not, probable with paraols of any considerable vol- 
ume. IIowcvcr, the very existcnce of suporadiabatic 
lapse rates srgues that an initial impulse must bc 
givcm to st,art, the upward movement. 

The initial impulsen may be regarded as due to 
(1) unequal heating, and (2) wind. Natural surfaces 
are neither smooth nor homogeneous in material. 
Differences in reflectivity, radiation, blackness, and 
hcut coriduct,ivity, as well as sunny arid shady sides 
of surfaces, will give rise to temperat,urn differences, 
and gravity differences in the horizontal will be con 
vert,ed into up mtl down movement,. These diffcr- 
cnces in density may be observed visually over 
heat,ed ground in t,he middle of the day as thr: 
familiar shimmering of the air. 

Air is seldom at rest and t,he friction and roughness 
of the earth’s surface tend to convcrl any horizontal 
motion along the surface into t,urbulent motion, 
IJndcr lapse &nlitions, these immdses provide the 
initial displacements necessary to scl up convection 
currents, and thus brcuk down the high superadin- 
balic lapse rates. At high wind speeds on a clcur after- 
noon the lapse rate will tend to approach the adia 
hatic rate. IJnder inversion conditions the stability 
of the air tends to damp out, vcrlical displacements, 
hut if the wind is high much irregular movement will 
be preB:sc:nt. This is frequent,ly referred to as turhubnl 

rr~otion. The effect of t,urbulence is to carry the 
slower moving air upward and to replace it by faster 
moving air from above. In this way the ground speed 
is maintained. As indicated, turbulence is at a mini- 
mrun with low wind velocity under inversion contli- 
tions. 

Taylor sought to express the power of eddies fol 
the diffusion of heat, as a const,ant I<, the eddy dif- 
fusivity which is roughly proportional to 0.5&, 
whert: ‘u) is the vertical component, of velocity in the 
eddy :~nd d the rncan diamctcr of the eddy. K varies 
from 10” to IOh cgs units, depending upon t,hc nature 
of t,hc surfscx? and the atmospheric st,abilit,y. 

Schmidt introducnd the idea of the Rustausch co- 
efficient, A, to represent the bcliavior of groups of 
turbulence hoclies. Il’rorn a consideration of the tur- 
hulent convection of heat, t,he cocfhcient, is seen to bc 
analogous t#o k/a, t,lw mtio of the heat, conductivity 
t,o the specific heat. Its m,zgnihde may be evaluated 
from the change of temperst,ure with height. 

Pp 111(x2 - x1)2 
A =- 

1’ In & - In S, ’ (15) 



where x is height, 6 temperatture, and p densit,y. 
Geiger gave the following values for n from &erva- 
tions at Schlcissheirn in the middlo of the day. 

IIeight (cm) A 
140 0.016 
100 0.010 
50 0.002X 
20 0.0006 
10 0.0002 

0 0.000 

For pure heat conductivity 

(16) 

Thus, at the ground, A is zero because tlrnro is no 
vertical trlrbulcnce. Just above tlrc! surf&c it is the 
same magnitutlo RS k/u and it, inr:roases with height. 

Components of gustiness arc defined in a Cartesian 
coordinate s.yst,ern as 

,- a- - 

where ?Z is the averago x component of the wind 
velocity, the direction of x being the mean wind 
direction, and u’, o’, and ‘10’ arc the differences bc- 
tween tlic instantaneous and average values of 111~ 
2, ?I’/, and z aomponentn of the velocity, respectively. 

The verlical component of gustiness is obviously 
significant in tlic transfer of mornc~ntum, or heat, or 
dust and smoke particles from the lower to the: higher 
altitodcs; experimental observations confirm this 
correlation. TIowcver, the rneasurefncnt, of tliexc: corn- 
ponents involves peculiar dificulties. A bilateral VLW~ 

described by Rest gives a fair approximation to tlrc: 
relative values of the horiEonta1 and vertical corn- 
ponents. 

nest has discussed the effect, of stability and wind 
spcod upon gustiness. For low wind speeds (0.5 t,o 1.0 
m per set) gustiness is much less during inversions 
than during licavy lapses, and lbc same is true for 
speeds between 1.0 and 1.5 m per SM. For spc:cds be- 
tween 1.5 and 4 III per set the effect is much smaller, 
anti for highc!r speeds there appears to 1~: no variation 
with changing ternpcrature gradient. For lapses lcnn 
than 0.9 degree F and for inversion, tlrc! gustiness in 
both lateral and vertical directions increases with wind 
speed. The nmall gust,iness is maintainctl for higlrc:r 
spc:& in the greater inversions. The r&o G,/G, q- 
pears to be intlependcnt~ of ternperaturc gradient 1)~ t 
docreases slightly wit,11 increasing speeds. nest guvc: 
a value of 1.8 I. as an average for this ratio. Addi- 
tional data on the correlation of gustincss with wind 
and temperature gradients arc given in Table 3. 

Id,.6 WIND FT~UCTUATIONS 

A fluctuation or eddy velocity may be dofined by 
tlic cqiation 

u’ = IL - 4 9 (1s) 
where u is the instantaneous velocity and ~17. the 
average velocity. Best has studied the mean value 
of the fluctuation rat,io 

-I 
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which is the ratio of mean eddy velocity to mean 
velocity, expressed on a perccntitge basis. His data 
indicate that s decreusos as the tomperaturc gradient 
changes from lapse to inversion and the cffoct is more 
marked at low velocities than at high, velocities. 

14.6.1 Wind 
Cirad,ieat wind is defined as the spcod of the air at 

which ~11~: deflective force, duo to the rotation of the 
earth, and the centrifugal force jointly balance the 
horizontal pressure gradient. The direction of the 
gradient wind is along the isobars and, at heights 
sufficiently great to be unaffected by surface friction 
(2,000 ft), its value may be calculated with con- 
sidorable accuracy from the pressure gradient and 
the: latitude of the station. For a general equation, 
see any standard text on meteorology. 

Closer to ~lro ground, frictional forces CBIISC th 

&ace ,wind to blow between 20 and 30 degrees 
across the isobars t,oward the low prossure center. 
The spcotl at 30 ft, will bc about half the gradient 
wind, dopending upon the stability of the air, rough- 
ness of the surfa(:c, and local topography. 

At, heights between 10 and 400 m, the variation of 
wind speed with height is given fairly accurately by 
tlio equation of Chapman 

u = n log h f b, (20) 
where c1 and b arc constants tlopendent upon a given 
time and place. 

For qoeds near the ground, Sutton derived the 
expression 

(21) 

in which n is a constant varying from 0 to 1 will1 an 
average value about 0.25. The value of n depcntls 
upon the stability of the stmosphcre and the rough- 
ness of t,he surface!. nest states that a power law can 
be used provided only a shallow layer is considered, 
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TABTX 3. Correbtion of tempcraturc gradient, velocity gradient, and gustirlcss components over long grass in 
S:lcrnmcnto Valley. 

.~....~ ..-.. .~ -- -. -7 -. .-. 
l1,m anf ‘mm ATF -- --L..- 

mph UD ‘mn 2m-1 m EImn-,3.5rn Gu Gr Time 

4.5 1.12 1.29 -0.4 -0.2 0.67 0.43 7:18 pm. 
5.5 1.13 1.43 -0.4 . . . 0.57 0.38 7:44 a.m. 
5.6 1.16 1.44 -0.3 -0.2 0.70 0.46 7:1!J a.m. 
6.7 1.17 1.37 -0.4 -0.2 0.90 0.45 3:OO p.m. 
5.2 1.17 1.42 -0.8 -0.6 0.52 0.42 3:40 p.m. 
5.9 1.19 1.33 -0.4 -0.4 0.66 0.43 7:49 a.m. 
5.6 1.23 1.23 0.0 0.0 0.58 0.43 6:63 a.m. 
6.2 1.24 1.55 0.5 0.3 0.70 0.52 8:45 p.m. 
9.3 1.25 1.54 0.3 0.2 0.63 0.48 8:45 pm. 
4.3 1.25 1.53 0.6 0.3 0.58 0.36 lo:23 p.m. 
5.3 1.25 1.59 0.4 0.3 0.60 0.44 8:.18 p.m. 
5.!9 1.29 1.63 0.6 0.5 0.58 0.40 X:4X p.m. 
4.3 1.31 1.74 r 0.6 0.50 0.40 9:43 p.m. 
3.5 1.35 1.91 X:: 0.8 0.41 0.27 5:48 a.m. 
3.5 1.39 1.73 1.0 0.6 0.59 0.24 II:04 pm. 
3.4 1.43 1.98 1.0 1.1 0.32 0.23 1O:OO p.m. 
4.0 1.45 . . 0.9 2.6 0.28 0.16 lo:45 p.m. 
3.2 1.50 2.08 0.9 0.7 0.32 0.23 9:46 p.m. 
3.0 1.53 2.32 1.6 2.3 0.32 0.22 k20 pm. 
3.2 1.66 2.78 1.8 2.7 0.21 0.15 9:56 p.m. 
3.0 1.68 2.54 1.8 2.0 0.18 0.08 lo:24 pm. 
. .I) ‘3’ >1.8 

iii 
>5.0 1.5 0.0s 0.0 9:5X pm. 

1.9 1.95 1.0 1.5 0.25 0.17 11:14 p.m. 
4.0 2.2 4.6 . . . 0.07 0.06 9:26 pm. 

and t’hat the index for zero temperature gmdient 
may vary from about 0.43 in the lowcxt layers to 0.13 
at greater heights. This index can increase considcra- 
bly during light winds and big inversions. 

If the wind at two lcvelx is difforent, a frictional 
stress, 7, which is a function of t,hc velocity gradient, 
is set up. 

du 
r=vz7 (22) 

where Y is the eddy viscosity of the air. For neutral 
conditions K.ossby detinc!s Y by the equation 

v = 0.02 (2 + zo), (23) 

where x0 is the roughness coefficient,, upproximntoly 
one-thirtieth of the height of the roughness elements 
of the ground. The value of Y also varies with atmos- 
pheric stability and becomes am&r with inversion 
conditjions. 

Extensive investigations have been made of the 
dependence of the velocity gradient upon atmospheric 
stabilit,y. In many of these rncasurements the wind 
speeds have been determined at heights of two and 
ow meters and the ratio detjcrmines the so-called 
R value, 

&=3. 
Ul 

The effects of tcmpcruture gradient upon the R value 
over short grass at LcXiclrl were summarized by Best. 

1. For light winds (less t)hsn 1.5 m per set), R is 
about] 1.06 for lapses of 1 dcgrcc C per m or greater; 
1-Z is about 1.35 for inversions of 1 degree C per m, and 
R varies linearly for lspsc rates between - 1 degrea C 
per m and + 1. dcgrcc C: per m. 

2. For moderate winds (1.5 m per see to 4.0 rn per 
set) R varies from about 1.08 to 1.1.6 from lapse to 
inversion conditions. 

3. For strong winds (4.0 to 8.0 m per set) R is ap- 
proximately constant at, about 1.11. 

It should be emphasized that this summary applies 
to short grass and level surfaces. The R values in- 

crease with the roughness of the surface and will in- 
crease by some: 0.05 unit as the grass leq$h changes 
from 2.0 to 4.5 am. 

An extensive study of R values, tcmpcrature co- 
eficiorns, und gustiness was math: I1 in the Sacra- 
mcnto Valley. The surface was flat and covered with 
high dry grass which was bent over. The data are 
summa&cd in Table 3. The following points will bc 
noted. High values for R occur with high inversion. 
High inversion existed only at, wind speeds of 4 mph 
or under. Both G, and C, dccrcase with inversion 
c(>nditi(>ns. The correlation of & values and tem- 
pcraturo gradients is shown graphically in Figure 7. 
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TART,E 4. Wind speed nt vn,rious heights over fl~I opera country trf different, slu,fsce ro~~ghness. (In :dl c:tties wind speed 
is 1.00 in rtrbitrcbry units nt 30 ft,.) 

--~ .-. - .-.- -- --~ . ..---- ---. .._ ~ 
High lapse N\‘cut,ral 01 11 igh invcrsitrn 

,Surfxcc roughnetis low or modrrat~e wind very high wind low wind 

- 
-.. --.. ~. 

Height, in It 20 10 ci 3 20 10 G 3 20 10 6 3 -~- 
Smooth snow field 0.99 0.91 0.89 0.81 0.97 0.87 0.81 0.69 
Glow cropped grass 0.97 0.90 0.86 0.80 0.95 U&l 0.77 0.68 0.88 0.68 0.53 0.44 
GI.:LHS 12 to 24 in. high U.!U 0.79 0.68 0.50 U.!)Z 0.75 0.65 0.48 0.86 u.f3 0.50 0.32 
Dcsrrt, Irrush 2+ ft, high arid 4 ft dkncter 

covers 10 -.- 20% of ground 0.90 0.71 0.60 0.43 -” -,. 1, .-. .~ ,^ 

Rest, found that, for low lapse and inversion, R in- 
creasctl with dec:rc?asing wind speeds, hut for lapsns 
grebr than 0.9 tlogree F per m t,he velocity gratlicnt 
increased with increasing velocity. IIe concluded, 
‘L1’lre chief factor which tends to minirnizc velocity 
grutlicnts is mixing due to turbulence and it appears 
thal mixing acc&panying high lapse rate is pat& 

when there is littlr! or no wind.” 

148.62 Gravity- Winds 

Untlcr inversion conditions, the surface layer of air 
on a slope is colder and heavier than the air on the 
same level away from the surface. The surface air 
then tends to flow down the slope under a fork, 

f = gw sin ~9, (25) 
where g is the accclcmtion of gravity, 0 the angle of 
slope, and w a factor that depcntls upon the tliffer- 

2.0 - 
-I ence in density betwt!c?n the air in the srrrfacc la,yer 

I 
aud that of the free atmosphere at t,he same 1r:vel. A 
steady state is usually reached in which 

oc 
qw sin 0 = JCP, Gw 

in which k is the c:ocfWentX of friction as the surface 
air moves with the velocity u, and ‘YL is a numerical 
exponent. This gravity flow is also known as moun- 
tsin wind, canyon wind, or lcntabatic wind. These 
winds show their great’est dcvclopment over high 
snow-covered mountains or gently sloping plateaus 
sr1c11 as exist in Grocnland or the Antarctic: Con- 
tinent,. In these regions katabatia wind speeds of 
100 to 200 mph occur. However, on most slopes these 

TABLE 5. Temperature gradient, and wind tqxcd at lxtie 
of Mt. Shrtsjta 11:27 p.m., August, 27, 1943. 

--.- 
Wind speed nt various hcightfi 

I I I 
Tcmpcrature gradient, 

I.0 L 
Hcighl, m. Milts per hour 

-2 LAPSE 0 INVERsION +2 +4 T2m - T1, =-1.5 (inversion) I 1.69 
T:hsm - T, = I.3 2 1.55 

A TEMPERATURE F 
T m, - Ta., = 1.9 4 1.32 

PrcuHm 7. Wind velocity mti0 vcrti~i~ t~eml)cralure 
gr,zdient. 

Twm - Tm = 0.7 
I 

8 1.08 
R~zm/,m = 0.92 

^, 

IXckinsnn, Gilman, and Johnston have given a flows are normally only a few miles per hour and the 
table” of fuc:t,ors by which the wind speed nt, lrcights air currents quite: shallow. Latimer, Rul)cn, Gwinn, 
of 20, 10, 6, and 3 ft over various surfaces and under and Norris st,utlietl the kntahat,ic currents which 
lapse, nerrlral, and inversion c:ontlitions may l)c pro- exist on clear niglrt>s on the slope of Mt. Shasta at a 
tlicted from tlrc: value at 30 ft. This table is uscfnl distance about, ten miles from the summit. 1‘1-1~ slope 
since the speed at, 30 ft is nnrrndly given by thr Air at the site was approximately 27& The data in Ta- 
Corps forcoast. The influcncc of the various fac:t,ors t,lc 5 illustrate: the type of velocity and tcmperatrlre 
are in agreement with principles already discussed. gradients which normally cxistc:d. 
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It, will 1~ observed that, t>he air next tjo the ground 
in moving more rapidl,y than at highrr levels and that, 
t>he fr3 valut: is less than unity. This occurred in spit#e 
of t,hc inversion present,, so it, is obvious that R can- 
not tJe Ud as a mf?asfm? Of stability under these 
conditions. 

Light, gravity winds may occur on t,ha shaded side 
of a mountain in the aft#ernoon. Tn general, it may be 
st&ed that gr1tvit.y flow of air under inversion con- 
tlitions tends to follow the: natural waler flow from 
Lhe arca. Both the depth and speed of the stream 
will be greator down ravines, canyons, and river beds. 

An exarnple of aerial drainage down a mUrow canyon 
is t,he fierce wind which sometimes develops in Sant,a 
Ann Canyon in Southwn California during a high- 
pressure arca over the mountains. At night, level 
valleys surrounded by high mountains tend to fill 
with cold air, o&n up Lo well-defined levr!ls which 
are known :LY th,ermaZ bells. 

In t,he tluytimc, high lapse condit,ions on mouritjain 
slopes give rise to upward surface convection currents 
or aaabatic winds. The following effects were de- 
scribed by .Ielirrok from experiment,e with theodolite 
balloons on the slopc~ winds of’ a mount>ain I,100 m 
high near Innsbruck, Germany. 

1. IJpslope winds developed from I5 to 45 min 
aftw sunrise. 

2. Spr~ds were greatest (max 3.7 m per se(:) and 
tlcpt,h of upslope wind layer highest (max 280 m) on 
the sout,lr slope. The nort,h slope also showed the 
Icast devnlopmcnt both in speed (mas 1.6 m per set) 
ant1 depth of layer (m&x 170 1x1). 

3. The speotl and depth of layer of the uI)slol~? 
winds increased stetidi1.y during the morning to a 
maximum before noon, dccreascd t,oward noon with 
the devclopmcnt of cumulus clouds on tho top of 
t>he mountlain, increased in the afternoon when the 
clouds clriftcrl away and decreased t,o zero near sun- 
set. 

4. Both uphill and downhill wintls are Lest, &fined 

when t,he pressure gradient, over the area is small. 
Wcxler has given the following cxamplce of valley 

winds in thr: region around Dugmay Proving Grormd. 

1. I)ugcva~ Proving Ground has a general drainngc 
from t,he mount,uins to the n& and southeast. During 
the: early morning the winds are prcvailinglg from the 
solrtlleast. During the: aft8ernoon t,lre winds arc from 
the northwest, direction up tht? are;L toward thr: 
mountains. h tendency has been obaorved for t,lre 
dir&ion of t,hc: wind to follow the sun in the morn- 
ing. Thin (aan bc explained 1)~ the fact, that the slopes 

facing the sun receive more treat t#lian other slopes, 

causing a rising air from t,he slopes and a thrust of 
4r from the valley toward these slopes. The south- 
Past winds in the morning are light, avc9qing Icss 
than 5 mph. 

2. During the afternoon, the northwost winds are 
slightly stronger, averaging about 8 mph during the 
summer months. With cloudincns during the morn- 
ing, the shift fyorn southcast, to northwest may be 
delayed. Strong pressure: gradient or storms in the 
vicinity will ovcrcomc the diurnal cycle of winds. The 
tlcpth of Lhese local winds are in Ihe vi&&y of 
2,000 ft. 

14.6.3 Land and Sea Breezes 

As a result of the comparative const,ancy of the 
ocean temperature, it can happen that during the 
day the air over the land heats above the temperature 

of t)hc air over t>he ocean, and during t,he night, cools 
?,elow it. In tlsytimc the hot air ov(:r the land may 
rise arid be replaced b.y air flowing in from the sea. 
Such a wind hlowing from the MM is called a ML 
breeze; the wind Hiat blows similarly frm the km-l 
at night1 is culled a land breeze. 

Both land and s(:~t breezes are slrullow and do not 
ext,c:nd many miles from the shore. The sea breeze: is 
likc:ly to bc rather stronger t,han the land breeze. The 
former generally rcaclres IO to 25 miles inland but, the 
latter seldom extends niorc than 5 to (i miles to sea. 
Jf hills come near the shorr: lint, the land and sea 
brcczc effect can combine with the mountain and 
valley effccl. Land and setl breezcfi are most promi- 
npnt when st,rong radiation effects occur along with 
weak goneral winds; they are often important, ;n thn 
t,ropics. 

The lhermal stability of the! air near a coast lint: 
needs npecial consideration. The ocean surface is 
much more constant, in temperature than the land 
surface. When air fiows landward or seaward it muy 
flow from a region where one stability condition pre- 
vails to a region where thcrc is a different stnhility 
condition. For example, if approximately neutral air 
from t8hc ocean moves inl~tnd over a sunny bea(:h, a 
short, travel (for instance, 50 ft) may sufice for the: 
tlcvelopmentj of a distinct, lapse in ttir: lowcat foot. 
or two of the air. II a very small flat island is being 
considered, air may move: entirely acrotis the island, 
retaining its neutral structure in all but thcr lowest 
Icvels. Even if the air in moving in over a large land 
surface, an examination of the tcrnperature gradienl 
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in the lowest levels alone will give misleading in- 
formation concerning the thermal stabilil,y unless the: 
air has moved a sufficient distance over land to 
modify all the levels of interest. Similar remarks 
apply to air moving out from land over wut,er. 

A small island can modify the! turbulence and the 
t,hermal xtabilit,y of the! lowest layers of air; but, the 
land and RCU breeze effect may be unimportant even 
on larger islands. On a wooded tropical island 5x7 
miles, the land and sea breeze effcc:t, was difficult t,o 
detect; and this was in the region of the doldrums. 
The size that an island must have in order to show 
land cznd sea brcme effects evidently depends on the 
magnitude of the general wind and on radiation 
conditions as well as on the mount,ainous or flat char- 
sct,er of the topography. 

14.7 THE EFFECT OF AIR MASS 
CHAR.ACTEKISTICS 

An air mass which has moved from a cold area to 
a warmer area will be heated from below and thus 
becornc unstable. This instability will be a maximum 

TEMPERATURE 

FTCURE 8. Typo uf t,clnpcr:tturc-~~cight cnrvrs in tmv- 
ding air masses. A, inilirtl curve; B, after travel over 
wnrmcr ocean; C, after travel over warmer continent; 
X, condenstktjion level; 11, tdter travel over a colder 8ur- 
fact, slight wind velocity (slight turbulence); R, after 
travel over’ a colder surface, high wind velocity (strong 
turbulence). 

in the aft,er’noon and a minimum at night, when a 
radiation inversion may be set up if lhc area is land. 
Over ocean the diurnal effects will be slight. 

Conversely, an air mass which travels toward a 
colder area will be cooled from below and dcvelop 
st!ability in the surface layers. Since tjurbulencc will 

be a minimum, convection will be small and thc 
effects of cooling will be confined to the lower 
levels. 

Pettcrssen,l” in discussing Figure 8, notes that “the 
development from A to l3 results in numerous con- 
voctivo clouds and a low condensation level, whereas 
the! devr:lopment from A to C results in a smaller 
number of convective clouds at a considerably highor 
level. The development from A to n usually results 
in formation of fog, whereas the development A to E 
results in formation of stratus or strata-cumulus bc- 
low the base? of the: inver:Gon.” It should also be noted 
that case E is important in smokn screening as the 
smoke will tend to rise and level off at the base of the 
inversion. 

TEMPERATURE 

FIGURE 9. The diurnal varixt,iun in xktbiMy over 
OCC~UIS: A, night,; T%, &+y. 

Subsidence in high prossure areas may produce in- 
versions and intensify existing inversions. These ef- 
fects arc often difficult to recognize from temperature 
measurements alone but, are disclosed by the vert,ical 
dist,ribution of humidit,y. Pettcrssen has given the 
data in Figure 10. 

The ralative humidity in the inversion layer near 
the ground is always high. Tf the? inversion is pro- 
duced by surfuco radiation nlom, there is nn rapid 
decrease? in the humidity above the inversion layer. 
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Frc:um 10. Types (:)f invemions. A, Kjeller, 21 Fch. 1935, inversion produced by cooling from below; B, F~go, 27 July 
1938, inversion produced by xuhsidence :tlc)ft, xnd cooling from below; C, Mildcnhnll, 17 Dee. 1938, irlvcrsion produced 
nwin1.y by cuoline: and t.urbnlent mixing; D, Snn Diego, ti Oct. 1938, inversion produced hy subsidcncc aloft and hexting 
rind turbulent, mixing below. 

In the cast where subsidence is a factor the descend- front,s, cold air may overrun warmer air largely owing 
ing cold air is dry and the humidity will fall rapidly to the friction of the ground layer. Such conditions 
with increasing altitude. result in great instability and high turbulent, winds. 

Since the wind normally increases with elevation, 
advection of air alofl may altor Lhe stabilily of the 
atmosphcrc over an area. However, conditions arc 

14.x CORRELA’I LON OF CONTJN UOUS 

rarely favorable for potentially colder air to overrun MICROMETEOROLOGICAL ORSl<KVhTJONS 

potentially warmer air, but, if the air t,cmperaturc Probably the most complete micrometeorological 
decreases in the direclion opposilc to that, of the wind, measurcrnents in America have been made by Dr. 
this type of instability may be produced. In cold M. D. Thomas of Salt Lake CiLy, Utah, in conncation 
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I 

FTC IJW 11. Typical daily recordings or meteorological dab 

with smoka problems in that, r~gion.‘~ The work \VHS 
undortakcn by the American Srnclting and Refining 
Chmp~tny and was supported in part 1)~ Division 10, 
NDRC. A discussion of these mcasurt?ments will b(: 
givca as an ilhrsix~tion of the principles presented in 
this clluptcr. Some of the conclllsions are based upon 
a study of the Thomas data.“” 

The data consist of the following elcmontfi. 
I . Continuous temperature records (10 ft :.lbove 

ground). 
2. Temperature: differences for the interv&: 1 10 

to IO ft, 220 to 10 ft,, 330 to IO ft, +I.0 to 10 ft. (Aftc:r 
August, 1943 tlic: int(:rvals were for t>he heights: 15, 
125, 255, ant1 385 ft,.) 

3. Wind direction. 

example of this record. Tlx? it>ems included on this 
ch,zrt are : 

1. Temperature: at, IO f’t) (top curve). 

2. Tntake of solar radiation in cal per rnin per SC, 

cm (inserted curves), 
3. Temperaturt: differences for the height, intervals 

385 t,o 15 ft and 125 to 15 It (scxond and third 
cuI’vcs). 

4. h:’ values. The radio of hhe wind Mpeed rtt 7 rn 

to tllut at, I m. R (2 m to 1 m) given in some instrmccs 
(fourth Cl1I’V(?). 

5. Index of turbulence of tllc: wind. L)r:finetl as t,he 
logarithm of ll~: number of degrees per hour through 

which the wind vane rotfates .in one dirct:t,ion (fift,h 
curve). 

(j. Wind sp~:cd (mph) a21; 7 m (sixth curve). 
7. 8moke obsorvntions (notctl on line below soler 

radiation). 
A study of Figure: I I discloses the diurnal vari:L- 

tions in temper::+Lurc~, tempemturr gradient, and wind 
gradient, previously discussed in this chrtpter. In 
genc:rJ AT and II’ :.trc high at, night, due to the sts- 
bilit,y set up by rutlia.tion cooling, and are low in tllc 
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TEMPERATURE SCALE F 
5 

JUNE 7 -x-x CLEAR, LOW WINDS 

JUNE II CLOUDY, LOW WINDS 
1:: I : :-1 

c!Y *---o----o 1: -3 -2 -1 0 +I fZ +3 

~WURE 12. Terrqwr:tturt~ profilcx for days in Jur~c. 

440 - 
TIME 

MAY ---o--mt,m--- TEMPERATURE SCALE F 
JUNE -x-x- l I I I I I I 

-3 -2 -1 0 +I +2 +3 

FIGTJRE 13. Tcmpewturo profiles for Muy :~rld June, dl w&her. 

dwytimc: unth:r Lhc convection currents of high lapse 
conditions. Thr: curvy at AI’ and R’ are roughly 
ximilar but there are certain intrrc:xt,ing divcqc>ncic?s. 
Thus about 8 p.m. there is a sudden drop in i’ wiGi- 
out, :.I corresponding large drop in AT. This appears 
Lo be due to a very shallow kat,abat,ic wind flowing 
down frorn the mountains and occurs wit>h a chnngc? 
of the wind direct,ion from nortliwcst lo soutl~caxl. 
In general, there is a close correlation between t,hc 
wind speed and the index of turbulence; high trlrbu- 
lence is associated with high wind speed. A remurk- 
able drop in the values of the index of turbulence is 
also associated with the: shallow kntnbet,, but, as the 
katabat tlocpc~~ and tl~clops into a valley wind, t,hn 
values of both t,hc in&s of turbulcncc and K’ again 
rise. An inverse relationship exists between IF and 
the intlcx of turbulence: but, it, is oft,c:n maskctl by the: 
effect, of the: wind spoctl upon both of thcsc: quantities. 

Tho cffcct, of clouds upon the tomporaturc profile 
is illustratc:d in l$qm 12. It, will IN> ol~c:rvc:tl t,hat, 
bot,h t8he night, inversion and the day lapse: wcr(: 

greater on a clear day (,Junc: 7) than on a cloudy day 
(June 1 1). On foggy days AT is mainly Inpsr:. 

Figure: 13 sumrnarizcs the average: tcrnperature 
profiles for the months of May and June 1943. May 
inversions Lcrrninated rather sharply al the 3Wft 
level, and the June inversions were stronger in gen- 
cral t,han thost: of May. On the other hand, the in- 
tensit;y of the lapse was greater in May than in June, 
which is not to be expected, but, t,hcse data include 
all weather and the normal trcntls will be influenced 
by the wind velocity and number of cloudy clays. 

In Vigure I,$, the differcncc in the maximum tom- 
pcraturr: on the prcccding afternoon and the mini- 
murn t,cmpcrat,nrc before sunrise is plotted against 
the maxirm~m inversion. It will be obscrvctl th:t~ the 
t>wo quant,it,ic:fi arc roughly proport,ional; this is to 1~: 
intcrprct,cd as the cffcat of temperature on t,lic: net 
nocturnal radiut,ion loss. Thus, when the ground sur- 
face is hot,, t,hp radiation loss will be proport~ionally 
larger and the resulting inversion greater. The: rate: 
of cooling is probJ~1.y t,lir most important f&or in 
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determining the pxtr:nt of inversion. The time of 
maximum inversion for small heights is generally 
after the period of most, rapid cooling t)ul for gmdi- 
ent,s over sevcrd hundrctl feet in.version may occur 
after the time: of minimum t,empernturc. The time of 
maxirnurn lapse generally follows the time of maxi- 
mum tempemture closnly. Figure 15 gives a corn- 
parison for 7’ and A7’ curves for June. 

Figure I ci is :I plot of monthly average valuc:s of AT 
for hourly rc:c:ording throughout, the day n,ntl, for 
comparison, H plot of the corresponding hourly 
averages of the wind vclocit,y. Figure 17 gives similar 
plots of h? and v&city. 9%: conch&ion might 
be drawn that, inversion protlrlces low winds and 
lapse high winds. While of course them :Ire effects 
in these directions, it, must, bc krpt in mind lhat high 
winds tcntl to brt:ak down both inversion and lap~(: 
conclitions t#o nc!utral. If the: higher wind velocities 
had not, existed during the day, the lapse values 
cv~~ulcl have been considerably larger. The effect, of 

wind speed upon st,ability is so great that it is frc- 
quently difficult to differentiate- between. the wind 
factor and radiation factor. This is illustrated in 
lcigurr: 18, which gives H’ values for a clear day with 
low win& in each of the months of April, May, and 
June. ‘1‘1~: inversions at, night intensify as the days 
get, hot,tpr and the humitlily of the thscrt, region dn- 
crc:~scs. However, for t,he days chosen, the i?’ valucts 
uridcr lapse conditions do MJt show thcexpected odor. 

The region nsountl Salt, Leke is so mountainous 
that, orographic fac:t,ors are usually more important 
than frontal activity or cyclonic convergencies. HOW- 

ever, tl;2 air mass characteris3tic:l’:,ics play an imp&ant 
role in dctorrnining the ground conditions. In the 
wintertime:, high-pressure: arras of stablc marine 
polar air, or even continc:ntel polar' air, prevail over 
Utah; SUhSith:m:e CJCCUW, wind VehJCitieS arc ~JLV md 

smoke tcntls lo accumulntc in llie valley in spite of 
lhe fact, that, nocturnal invcrsionx are not, so great as 
in the summer months. 
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I?ICXTRE 17. L)iumnl varintion in R vnlucs rind wirtd velocities. 

1 de.0 MTCROMETEOROLC)(: Y IN WOODED 
AREAS 

14.9.1 Gmeral Considerations 

For the sake of simplicit,y, wooded arcas arc 
treated hcrc as distinct from open country. Act,ually 
there is no sharp tlemsrcat~ion between open and 
wooded terrain. Thorc is, in reality, a continuorlx 
gradat,ion in vcgct,ation from close-cut grass to densr: 
jungle. And thcrc is also a continuous gradation in 
the complexity of motcorological factors. The same 
goneral principles apply to the air over and in a forest 
as do in the open. In the forest,, howcvcr, emphasis 
has to be placed on the charect,cr of the veget8ation 
and the effects it impnrt,x. 

The types and ch:lrat:t,c:risticx of woorlotl areas and 
their relation to climatic c:onditlions will not, bc dis- 
cussed in this report. In this section, t,hc role played 
by meteorology is treated in rclstion t,o wooded arcas 

in gc:neral. It must hc left, to the individual to apply 
the principles stated in thr following text, to the 

particular t,ype of forest where operations are planned. 
Furthermore, the following sections tlonling with 
wirid, turbulence, and temperature arc intended to 
apply to forests on lcvcl t,errain. Important, cffccts of 
topography have bcc11 treated elsewhcrc. 

A great variety of vt:got,ative covers can occur. For 
definiteness, remarks will bc made with a par&:ular 
t,ypc in mind; the effect of dcp:~rtures from this type 
can then be discussed. Considnr a fairly dense jungle 
with TV canopy of irregular height; the tops of thr 
trees may b(? mostJly at, for example, 30 to 50 ft. 
Suppose that Ilicrc? is a moderate amount of under- 
growth and that little direct sun rca&(?s t,he forest 
floor even at midday. 

14.0.2 Wind Speed 

WIND hIKWl+; AND 1N CANOPY 

The wind in the free air above a for& canopy has 

a somewhat reducctl velocity becrtusc: of t,he drag 
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cffcct of the compar~~tively rough surfaw offered by 
the: canopy. On passing from t,he fret air clown into 
the tops of th: tr~e-~~~wn~, there is u large and 
sutltlon decrease in wind velocity. Tlw hcrtvier the 
forrst growth, the: greater is the msgnitrde of this 
decrease. Somr typical mind profilw in a forest, arc 
&own in Ir‘igurc 19. 

WIND UNI)ER TIIE ~~ANOPY 

The winds twlow Ihe tree-croww are usually in- 
duced hy the! overhead mind. Untlw given thermul 
conditions the relation bctwr:c:n i,he forest, wind speed 
nncl that, of t,he overhead wind is controlled by the 
thickness of the canopy and t,hc: tfevelopment, of the 
undergrowth. Spcecls of greater th:m 2 mph below :L 
moderate to heavy forest,-wvw are relntivdy in- 
frequent. In f&, it, is not ~mwmmon to cacounter 
speeds l&w ?,$ mph, p:r.rticul:trly at nighi, t,ime. 

The wind near the floor of B forest (say at 2 m 
above t,he grorxnd) is generally (::LIIHC~ by the motion 
of t,he air :1 twvc the trees. As lhc liorizinnt~:d motion is 

WIND SPEED MPH 
DAY 

HEIGHT ABOVE WIND SPEED MPH 
GROUND-FT NIGHT 

traneportetl do~~~nwvartl through turbdem:e, most; ol 
the energy of the wind is clissiput#ed by the stationary 
otdttcles in its path so t,hat the spcecl nwr t’he 
ground is murh less than that, above. The thicker the 
foliage, the grder will l)c the tlifferenct: in spetds. 
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FIGURE 20. Wind prnfilc wad. 

In adtli.tion, this downward transfer of mol,ion from 
:.dmm is affect>ed by t,h(: tllcrmal structIrrrt! of t,hc? air 
in and over the trees. The qw:stjiom of air stnl)ilit~y in 
a forr:st will be t,aken up later. Tt, is suficicnl t,o say 
1,11at, when the air is stalk, t>he tmnsfcr of motion is 
curtailed. l’or a given ov~rli~ad wind, tlic: wind speed 
at 2 m will I-M! less under f;t~ul~lc oontJit8ions than under 
unst,able cnndilions. When thp air is unst8able, vprl,i- 
cal mixing is cnhanc:nd; hence, tllr:rr: is less t,endcnr:y 
for the existcnro of a large vertic:tl vt:locit,y gradient. 
Thut~, if the wind c,vc:rllc:atl is constant (lay and night, 
it, ifi to be expected tlittt t,lie winds in 111~ woods will 
be gcricrally lower atI night1 t,han during the: day- 
time. 

Under givc:n st,xbilitIy contli Cons the wind speed in 
a motlcrat,cly heavy junplc is nearly indc:pc~ndent, of 
the wind xpc~:tl over the canopy if the 1ntt.w ifi not, 
over 5 mph. With higher wind xpoeds overhead, t>hose 
jn the woods int:rt>ase and becorm: more nearly pro- 
portional to tllosc: overhead. ‘1’11~ jungle speeds art: 
then roughly one:-righth of those: ov&ead. 

The wind profile of a typical day in the San Jo& 
For& is illustrated in Figure 20. Tllc lwightIs are 2 m 
in the jungle, lR.6 rn at, the top of t,he canopy, and 
24 m above the c*anopy. Throllghout the clay 1,111: 
spcxd at I (j.5 rn c:losc+y follows 111~ speed at, 24 III. 
‘rhr: spe~ti at, 2 m hardly follows (:v(:n the peaks and 

trou&s. Wort,h noting is the fact that while t>he wind 
speed at)ov(~ t,lic jungle is grc:::bt,c:r than 10 mph, t,hc: 
speed in 1,hc junglo is only about; I mph. In contIm&, 
while the spc:c:tl above t,he jungle is J-writ, 0.5 mph 
near midnight,, the speed in the junglr! is also 0.5 
mph. 

Tpigure 21 is tt plot of the ralio : wind sp~orl at, 24 ra 
divided by wind spc?ctl at 2 III VB the wind speed at 
24 m. Tt, is appkttrcbnt that, t,he ratios me~sur(:(l v&h 
invcrnion conditions :w well enorlgh separatctl from 
tllosc? measured under lapse so that separutc: curves 
for avcrsge values may he drawn. The implication 
here is that, t,llc+ speed in 111~: jungle is more depenth:nt3 
on t,hc spc:od above the jungle under lapse contlitk~ns 
t8han unrlnr inversion c~ontlitions. Since there is more 
downward transfer of momentum under lapse, greater 
turbrrl~~ncc: will &o result, under 11lc~e conditions. 

14.!).3 Wind Direction 

Thr wind direction above a wooded arca is gen- 
erally t,he surnt: as in open tr:rrain. 

Insofar as ihe wind Mow the c:ulopy is carrel by 
the overkul wind, the rtvc:rnge wind direct,iou inside 
a forrst coincides with that above. The air move- 
ment, liowvw, as a rub: is much more irregular than 
that, abovt:. Hence, at :tay given instant the direction 
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near the gr.ound rn:ty lx: oonsideral~ly different from 
the nvorage. It is not 7mccJrnmon for t)he slowly IMJV- 

ing air in a wooded arca to exec77tc two complete XX- 
degrc:p changes in tlirect,ion in the R~J:H:C of ~~n(: 
niinulc. Mc)rcover, ~1; any morncrd the direction of 
winds at, two points :tt the same level in u, forest 
usu:tlIy diffcr~ corisitlcrahly. 

On clear days or on cloudy dsys with rnoclerntc? to 
high overhc:acl mint1 qeetlfi, the winrl tlirectionfi in 3 
ford lluct,77ate rapidly over :.t wide rnrigc because: of 

the: turhulcnt contlition of the air. When tharc: is ,z 
heavy overc:d and low winds during the tluytimn, 
the f17rctIuntions arc? more suk~tlued. At, night, esp- 
cially with clear &es ant1 LL low ovcrhertd wind, 
turbulence is at n minimum, and the rlir*&ion O~J- 

servd at, one point, in the: woods us~dly exhilJit;s 
slow and rxndom r:hanges. 

This lasl mentioned situation secrns to result from 
the wind in the woods being relativdy indeperidcnt 
of t,hc wind ftbovc:. It, is prc:sumecl th:LL the ststdity 
of tlrr: air 7rnder t!hc:se conditions mnk(ls this possilde. 
hpptrently the air movcxnmt below the rmu~py is 
c:ulsecl not; so m7rc:h by t81re transfr:r of motion from 

alJove as hp cffcats such 11s the settling oi’ cold air ant1 
77neven rntliational cooling who#c: origins are purely 

local. Tlic:rt: results, t;lrcrefore, 8. low locnl wiritl which 
does not, fl77c:t~uate rxpidly arid which is not ric:c:ess:zrily 
in fhr: same direction as the wind above the brees, but, 
which grad7~tlly drifts at8 orr(: local effect, becomes 
more: predominnnl than anollier. 

l%c:sr effect,s WC further indicated by Figure 22, 
whicdl c:onpres the frequcrrcy of’ the wind dbection 
at 2-l rrl (above ttic! canopy) to that, obsr:rved in ttic: 
iunglc. The fnct tIllat the: drtytime tl:tt:t show lsrg~r 
deviations in the dirac:Lions than do t,he night, drttIn 
is consistmt Tvith the greater turbulencc~ 7lnrler lapsf! 

conditions. 
A cornprison of the low- and high-wind sp(:d 

tmcxs from n hot, wire ammometer ia given in Vig77re 
23. Again, gre:ltc:r turbulr:nce is to /J(: ricked for lupae 

corltlitions. 
hn important, cscept,ion to the above rc:rn:trks 

nbout~ wind dirc:c~t,ions in woods at, nigjit is found in 
t,hr: r~~rnarkn1d-j~ st;eady winds on slopes. These 
kst:tbfttic wiritls have txcn discusd in prcxccling 
tcsl, in some rlc:trril. 
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FIGTJRE 22. Wind tlirccth~ fmqucrray in San .Josb jungle. 

-la.!,.4 Forest Temperalures 

TIMP'YRAT~JREB w ANi) IIHOVK THE CANW~ 

In t,he frt:c: air above t,he tree tops, conditIions are 
much the satn(! as over open ground with the tree tops 
t)aking t)ho place of the ground surface for radiation 
purposc~s. Tin: xurfacc temperatures of living leaves 
in t,hc> slm arc often IO degrees F, or hotter than t,he 
surrounding air; and dried leaves can give larger dif- 
fertmws. hccort~ingly, the canopy and the air above 
it undergo :L diurnal variation with a maximum in the 
u.ft,c:moon and :A minimum before sunrise. l$irther- 
more, abovr: 11~ canopy, lapse conditions develop in 
~11~ sunshine, and invcraion conditions develop on 
clear niglit~s just as they do over open ground. Some 

difference arises from the fact that, the canopy does 
not, show nearly so well dofined a surfaut:c as the: open 
ground; the temperature gradients are consequently 
not HO Iargo in the air over the t,ree tops as over an 
open fiicld. Again, the ground of an open field presents 
a solid obstruction while the canopy of a forest, does 
not,; air, cooled b.y open ground during an inversion, 
pools on the ground but, when cooled by the cold 
leaves of a canopy it, sinks down through the canopy. 

TEMPERATURES RELOW THY: CANOPY 

If the surface of the ground or of some low vegeta- 
tion lies under a heavy forest canopy and has lit8tle 
or no direct exposure: to the sun or sky, t,hen the sur- 

face tempcraturc undergoes a xmullor diurnal vnria- 
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FIGTJRE 23. Low and high gustiness windspccd tmces. 

tion than it would if the surface wcrc exposed. In 
woods in Florida during May and June, the average g 
daily mngo in ground surface t,emperat,urc: on clear k 
days was only 16 degrees I? while that of the grass in 
a nearly open area was 40 dogrt:c:x F. A range of 
only 5 degrees F has been found in the jungle,on a 
tropical island. ABOVE CANOPY T80FT-T40FT 

Also, the temperature of a well-shaded surface tlorx I I I 

not depart, greatly from that of the nearby air. For 0000 0600 1200 IBOO 0000 

the Florida woods, the air was usually cooler than the 
TIME 

ground surface at night and warmer in t,hc: middle of FIGURE 24. Ternperatura differences in jungle bctwccn 

the day; but, t,hc difference was usually ICSS than 
air above and in csnopy; nnd between nir in c~opy xnd 
war ground. 

2 degrees I?. 

LAPSER AND INVWBIONR IJNUER THE CANOPY crown minus that of the air near the ground. Positive 
differtxmcs indicate inversions. 

In the open, inversions usually develop at night, 
and lapses occur in t,he day. IJntlcr a fairly heavy 
canopy the reverse occurs; lapses develop at night, 
and inversions occur in the day. This is illustrated by 
Figure 24 drawn from observations in a jungle on a 
small tropical island, Ipor various times of the day 
and night, t,hcre are shown t,wo temperature diffcr- 
cnces: one, Tso ft - TJo ft, is the! lcmperature of the: 
free air well above the crown minus that, of the air in 
the crown; the other, 7’~~ ft- T1 It, is that, in the, 

Rapid changes in the temperature profile occur 
rather frequentSly under the jungle canopy. Thcso arc 
illustrated 33 in I’igures 25 and 26. Thus, in Figure 25, 
a change from inversion to lapse occurs between 10 
and 13 m in a few rninutcs. ‘l’hcsc rapid changes are 
indicative of the vertkal and horisontal motions of 
t,he air due to heat,ing and cooling of the vegetation 
and it may be concluded that any single mcasurcment 
of the temperature profile during the: day may not be 
representative of the avcragr! oondition. 
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TIIEHMAL~NSTAHIL~TY IN THE FOHWI~ 

Although the inversions under a heavy canopy 
occrrr in the: daytime, it, in not to be concludetl from 
this that, day is t,he time: of air st~ability in the woods; 
for at any one height, in the crown, horizontal tem- 
porature differences with consequent circulation 
doubt,lessly exist. 

To understand Gris daytime inversion, consider 
t,hat wlu:n t,he sun strikes a forest) canopy many 
leaves at, the tree tops receive direct sunshine! arid are 
heated to tcmperaturc:s disCnctly grent,c?r than of tlic: 
surrounding air. Thr: leaves then warm Gris :rir. Be- 
low t,lrc> tree tops, fewer lesves arc c:xpost:d to tdrc Sam; 
if the c::mopy is fairly heavy, very few tipots receive 
direct sunlight, at the lowest, l~vc:ls. From the ground 
on upward into the canopy there is, then, an in- 
creasing number of hot spots with the result that the: 
average air temperature: increases from tlic ground 
well into the canopy. Although this is an avc:ragc 
temperature dist,ribution corresponding t>o an in- 
vcrion, its mftnner of production by hot spots rc- 
sult#s in convective turbulence. 

Similarly, on clear nights many l~~rvt~s at tlir: top 
are oxposed to t,ln: sky; they ratliatc: freely and be- 
come cooler than the surrounding air which is then 
cookd by the: leaves. At, lower l~vcls, fewer leaves are 

oxposed so that, on the whole, the air is cooler in ttic: 

canopy t,lran somewhat below it, that is, the! t,c:rri- 
lxmture distribution here is that of a lapse. 

This sirnplt: picture requires moclihcat8ion in a lcsx 
dense for&. If consitlcrublc sun is able to redl t,lw 

forest floor at midday but, not in the morning or after- 
noon, it, can happen that, there is a lapse near the 

groundat middaybut an inversion morning and after- 
noon. If tlic: forest is vc:ry thin, lapses by day and 
inversions by night may br: expected somewhat, as in 

TEMPERATURE c 

F'TFITJRE 26. Modification of jungle lerrlpcr~%t,wc prr~file 
by pmsir1g srdl clouds. 

the open. Evidently, within the woods, tlrc: knowledge 
t,hnt, a lapse: or inversion exist,s is of no v&o alone. 

ld,.r).S Turbulence in the Forest 

IJrorn what has been said it is clear that thermal 
stability and turhulonco in the woods cannot be 

&muted simply from average temperature grsdi- 
cnts. However, a good idea of the turbulence in the 
woods can be formed from a knowledge of the wind 
spr~:d and temperature : gradient uboue the canopy. 

if lapse conditjions exist above the canopy, a tur- 
bulence of conv&ive origin is present in addition to 
that due to canopy roughness. But, if an inversion 
exists above the canopy, even the turbulence of mc- 
chnnical origin tends to bc tlampctl out. Accordingly, 
with :r lapse over l;hc c::l,nopy, much taddence is 
prcsmt which can, to :I, grcxtrr 01' lcsscr cxl,ent, he 

c:orrrrnunicrttec11 through the canopy to the air below. 
WiGi an inversion over tlic: ~:mopy there is relatively 
littlr: turbulence present for aorr~rriuriic~~tion to lower 
1CVClS. 

The turbulnnco in the forest, also depends on the 
speed of the wind. With a given size of lapse or irr- 
version over tlro c:u~opy, the turbulence below is 
least, whcri the m:tgnitude of the wind spwl ovw the 
canopy is least. 

These relations are illustmtetl by Figure 27, which 
shows qualitatively the amount of turbulence (low, 
mcdiurn, or high) in the: jungle of a tropical island 
untlcr various conditions ov(:r tlrc: canopy. The 
turbulcnc:c was estJimatJcd from the: fluc:l,uut,ions of a 
hot, wire: anemometer (i ft, from the: ground. 

7%: figure shows that low tud~ulc:nc:c in the woods 
is favored 1)~ low winds aloft, (5 rnpli or less) and an 
invc:rxion above the canopy. Tlrcne conditions are 
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FlGURl? 27. Turbulence under cnnopy. 

most apL to be found in tht: very late aflernoorl, night, 
or enaly morning. 

Tn addiCon to suppressing l;urbulanoc in the wOOds, 
an inversion over the canopy tcntls t)o seal gas or 
smoke in t,hc: woods, since by the: inversion, an agent, 
rtq~ching t,hc: canopy is preventctl from going lurthcr. 
However, will1 a lapse, any agent, reaching t,he canopy 
is carried away in the ul)per air ant1 lost to the opera- 
t,ion. 

II it, is not possible to est,irnate the: tcmpernturc 
gradient, and wind velocity over the canopy, the same 
quantities cstimatctl for a ric:ar-hy open field may IN> 
used wit,11 some success. 

14.0.6 T,ow Canopy Jungle or IIeavy Brush 

The San JORB project investigntctl the condition 
ins& a heavy, low-canopy jungle. Measurement>s 
wcrc math: of wind spc:c:d at, lieigb of 5 m (nbovr: Lhe 
r:anopy) rmd 2 m (inside the canopy). Thr: following 
text is quoted from Lheir results. 

The relationship hctween the: winds at) the 5- and 
2-m levels and the tr>rnpera,t,urc: profiles showc:tl t,hat, 
the samI: general affects occur in a low- as in a high- 
canopy jungle, r>xcept, that, Lhe effecb arc concen- 
trat,ed over a much smaller height, interval. In fact,, 
the effects are intrnsifietl by the extrcmcly heavy 
cover which at, times prodncos effectively a second 
ground surfanc at the top of the jungle in typical 
areas. For (:xample, Wween the free air and t,llc: 
junglc floor (a height iritcrval of roughly 20 m in 
high-canopy tc:rrain) a raLio of 8/I is wmrnon for t>hf: 
wind speedfi when the: 0vt:rhead wind is 6 mph. Tn a 
heavy, low-canopy jungle this ratio would IX 12/I or 
IS/l and thr: height, int,erval would l)c only .S to 5 rn. 
Wlicrcas a lapse or inversion of I tlcgree C might, 1~: 
found in :I layer IO m deep over a high canopy, the 

ov I I I 
4 8 12 
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FLGIIHE 23. J&W cnnopy jungle. 

same! t,c:rnperature diffcrcncc is possible in only 1 rn 
over tb low canopy becsusc of the compactness which 
makes thr: top akin to a ground surface. 

AS in the high-canopy jungle, it, was found that the 
r&c:, of the w~%tl speeds above and down in the low- 
canopy jungle depended on t,hc: overhead wind. 
Figure 28 ill&t,r&~s this dependmw. The ratios ob- 
Lained with tl~ higher overhoatl winds were inde- 
pendent, of tllc time of day. All the low-wind ratios 
were nl)i:*.incd at, night, or in the early morning. In 
the dayLirnc the ratios wwc generally so large: t&l, 
unless the overhead wind wcrc greater than 5 mph, 
the wind hc:low the canopy was too light, to he mcas- 
urctl wiLh a cup nrmmomcter (a wind with speed less 
than 0.5 mph). l’hc shaded portion of Figure 28 
rcprcsent)s the region in which no definite spcccl could 
bo assigned to the: lower wind and ho~icc no ratio 
dcLormined. 

A further similarity between t,hc: high- and lom- 
canopy jungles was found in t,tic: compurahle situa- 
tions which exist, in each at, night, with low overhead 
wind. This is the: condition most, favorable for the 
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forrnution of invc:r&~ns (providctl it, is not, too cloudy). ratio of tlrc! wind speeds can fall below unity. This 
On a, calm night, it is farmd t#htkl the: air underneath effect was undo~~btc:tlly cnhnnced by the loc:st,ion of 
the canopy is relatively independent of tlrc: :I.ir shove. the low jungle station on a slope, where drxinagr~ 
Its movement is not caused 80 much by l,hc down- winds are most likely t,o o(:(:ur. On a fl:tt, region, it 
ward transfer of momentum from the air above the would be expected that,, with a st,rong inversion 
jungle as by the existence of drainage or gr.avit,y wind above the canopy, the air rmtl~~meath x low canopy 
currents inside the jungle. Under such conditions, the would be stagnant. 
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The cup assembly rides on :I jewdcd hr:lring Id the 

bottom and is guided by :L circular Pllosphor-~,r,unz(: 
hesring nc:tr thn top. The coupling between the rotor 
and the dcctric contxcts k magndic. The rotor’ shaft, 
carries a horizontal semicircular segment ol iron 
which moves under one pole 01 a pc’rmnncnt U-sh:tpetl 
rn>Lgnet, once for e:l.c:h rotut,ion. In t,hc field of the 
m,qnet, is an :trmxlure supporled in jewdcd bc:Lr- 
irqs, The arm:tt,urc: cart% one ol’ thr electric con- 
t&s nntl is moved :1 smdl amount, on each :I.ppro>~(*h 
of the iron scmir:irruln,r segmt:nt,. The ,zrmeturc: is 
rr:storcd by u hnirxpring. 

If il is tlesirctl to record the indicnt,ions of t)he 

ttnemometor, an approprint8c: chronogmph pen may 
be connectd in pluce of thr: c:ountt:r. 

Since ttic: cup :tssembly gives &out, 20 rot,:lt,ions 
per min pc’r mph nf wind (fewer nt, low spc>eda), dired, 
count,ing by n c:hroriogr.aph pen mtty often bc incon- 
venicnt,. An auxiliary cont,:xt built, into the cormtcr 
mnkcs it, possible to rccortl every hundred rotations 
inst,cad of single rotations. 

Cup A~‘;‘ystern~. The cup system is held on the rotor 
shaft, b.y :I spring bushing :Lnd is simply lift,ed off when 
the instxumcnt is to be pilckerl :twxy. The cups arc 
matchd by weighing Idore nss~mbling so t,h:tt) the 
rotor i,q carefully tdrtncod. l~rofn onr: instrument t,o 
:mothrr the rotor dimensions m’r: held closely similar; 
except, ut, the: low& wind speeds, ihe calilmzt~ion 
curves slic&l Ix: suMantially the! same for all 
inst8runient,s. 

The cups (Il’igure 3) arc somewhat, tlccper th:m 

those of the l3rilish >memornder lVIet,eor No. ,‘I hrlt 
nro otherwise t>hc si2rn(’ id will int,c:rchnrqr: with the 
cup xystcm of the Drilish inst~rumt~nt. 

h’otor. Figure 4 shows t,he semi&x&r iron piece 
which is carrid by t,he vcrt~ical rot,or shrift,. This 
dr:lwing also dlows Ihe pivot point of the ben,ring on 
which the rot,or’ st,ands. 

[Tpper Kcnri~,g. The shaft, housing carries rt ciroll- 

1,zr Phosphor-bronze henring nenr the top. Tf this 
bearing is mede too tigliL, die low-speed sensitivity of 
Ihe :t,nCmoractSer is serioldy irnpairtd. The design 01 
Ihe inxtrumcnt, is such t,hRt, did should not, collect, in 
this hearing too rcdily; but, clspericnce on tdlia pc-,int 
is not extonsivc:. The: ben,ring is rc:~dily removable 

lor cleaning; tJhc: hearing rebiiner :1,t, the top may he 
unscrcmetl and t,he bring shaken outJ. 

Inmer CYase. This is ::t smdl housing which czrries 
the shftft, housing. The: inner eitse is cut a\vay on one 

de t)o permit, int~crftct~ion of the soft iron segment, 
with t,hc: urmature, and on t,he other side to permit 
t’he intxoduction of n compensnt8ing mftgnet,. A rubhcr 
packing ring is plncd on the beveled top of this 
housing [or wxt,crproofin~ purposc!s. 

Clorn,pmsnting Mngnet. There is, nutIurally, B force 
betwc:c>n the IJ-shapd magnet, tmd t,he somicircdar 
iron piece which is cxrried by the rotor. This force 
might, be erpcctetl t,o hitve some influence on the 
starting wind speed. With t,hc i&u, of cornpensnting it, 
a bar magnet has Iwn mounted on :I post, on the 
opposite side of t,hc rotor from the U-dluped rnugnet. 
C.&e must be exercised in selecting and pla,cing this 
Iztr mngnct; if the field from it is too strong, it cBn 
c::lsily do more hurm t,han good. 

Electric Cmtacts S~hmwrhly. This assembly is 
drown in Figure 5. The brtse (1) cxrrics the ~b- 

:hssemMy anti is ~astnnc:d hy two 8crewR Lo the oilter 

case bott,om. The upright piece (3) is screwed to the 
bitse (1) and c::trries the moving p&,s 01 the: srrb- 
nssemtdy. 7%: permiment U-&aped mugnet is (ed). 
The >Lrrn,zt,urc (1 1) is niount,cd on :Ln axis (7) ad 

rocks slightly when the soft, iron swings untbr it. This 
axis moves in jewelctl bearings; one of these bertrings 
is rigid in the rlprigtil, (3) and the other bearing (12) 
is :dj ustddc. 4 rdoring force is esertotl on the 
arm:dure C)y ~1 hairspring (13) ; tennion on this spring 
msy easily be aMred somewhat, by r&ding (8) :i tloutJ 
the :As. The purpose of all this is to move: ~tn eledric 
conl:tct; this is carried by the right-snglad piece (10) 
which is rigidly rttt~achotl to thr: armnture axis. Tho 
nt,ution:*ry conbct is c:.Aetl on t,he upright, (5) which 
is elecGcrtlly insulntotl from the l)asc: 1)~ the: hakelite 
piece (2). The qdghl (5) clbrries t,wo screws which 
limit tlic! motion of t>hc contact carriod by (10). One 
of thcsc two screws is tippctl with & pl:d,inum con- 
lact; the other screw is insulated from the upright 
and is simply :i stop. (In later instrumenln these two 
screws have henn interdiangetl from the positions 
shown in t,he working &wing. In these: instruments 
the hairspring closes t,he circuit a,ntl the magnt:tJic: 
affect, opens it,.) 

Exte~nul Eleclrical Connech’m. Within Ihe innlru- 
mcnt thr: electric circuit, when rnntl~~, passes tmhrough 

the bnsc, the lutirspring, the: contact,, the upright, (5)) 
:md a wire from (5). The cirard is tmxq$it, to the: out- 

side of the ouler C:LSC through an hmphcnol part No. 
CL-PALM. This con be connectctl t,o tIlw cable by an 

hmphc:nol p:lrl No. MC1 lc on the: end of the Dale. 
The ot,her end of the: crtblc :dtach(:s to a receptacle in 
the carrying case. 
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#l-72 XfBRASS R Ii 
SCREW, PLATINUM TIPPED 

# l-72 X a BRASS 
d 

III\ \ 
RH SCREW 2 

NOTE: TO FASTEN 5 ON TO 2 USE I #l-72 X$J” F H BRASS SCREW 
TO FASTEN 2 ON TO I USE 2 Cl-72 X &” R H BRASS SCREWS 
TO FASTEN 3 ON TO I USE 2# 2-56X&“F H BRASS SCREWS 

VIaURE 5. Contjnct, slth-asscmhly. 

A wiring diagram showing the connections of t,he 
nnemomctcr to relay, batteries, and counter is shown 
in Vjgure 2. 

The ancxnometer is connectcxl throllgh a small 3-v 
dr.y lmttory to the coil of a 2,000~ohm relay. Untlcr 
thcsc operating conditions the relay is extremely 
critical in its behavior toward adjustment; a small 
fraction of a turn of the screw controlling the relay 
hairspring makes the difference Mwcen operat>ing 
satisfactorily ant1 not, operating at, all. 

Across th: coil of the relay is placed a I 0-hf clcctro- 
lylic condcrlscr. Without a large condenser, the con- 
tacts of the anomorneter are very apt to stick and 
t>hus cause the inst,rument to cease indicating. 

The count>er is one made by the Cyclotron Special- 
tics Co. It has a resistance of about 7,500 ohms md is 

actuated by a 45-v T3 batt,c!ry. Although not, impera- 
tivt:, a small condenser (0.1 rf) has been connected 
a~:ross the relay cont,nct,s through a 500-ohm resist- 
ance to rctlunc sparking. The: carrying box is built 
to recniva a standard&c! I3 battery but, not tt heavy- 
duty IMt,cry. One end of tlic counter coil has been 
conncxtcd to the counter case and to the binding 
post marked HC!. 

An auxiliary contact has bocn built into the 
counler which allows a second independent, circuit t’o 
be closed every 100 count,s. Tha terminals for t>his 
circuit are tlx: posts markotl 100 and Rfj. Any ap- 
paratus employing this feature is addit~ionxl to that, 
shown in the phot,ographs. 

TIN: box, which has been d4gned as a currying 
case, in addi tiori to holding the: anemomet,or, relay, 
and counter, has c:ompartmt?nt~s for the batteries, a 
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FIGIJRE A. Diagm,m of di,cmn,tive wiring arrangements. 

cable, and aalil)rations. The orlter dimensions of the 
box excluxivc of handle and clasps arc I2 55 x 1 ON 
x f3,!i in. Th weight of the complctc outfit, inclutl- 
ing batteries is about, 25 lb. 

In the wiring diagram of Figure 2, the apparatus is 
arranged to givt: MN? count, on the counter for cac11 
rotation of the cup sysLcm (CM: n of l$we (i). If it 
is &sired to record 1,~ using R chronograph pen on R 
moving paper the conncctionn may be made in any 
of the several wa,vs shown in k’igure (j. In these dia- 
grams the anemometer circuit, is like that of Vigure 2 
and has I)cc>n omitted. The points lat~c:lctl B, I, 100, 
and UC: arc the! similarly labeled binding poxl;s. TI-N~ 
necessary cnnnc:c:tions may all be made at the binding 
posts or at llic wircls connected t#o them williout I’(:- 
moving the p:tnc:l on which the counter is mo~mt,ctl. 

In case i3 Ihe chronogmph pen is rtrrangc.d lo 1~: 
actuated by the H bsttery of the snemomctcr :tnd 
receives one impulfic: pc?r rotation 0C the rolor. Tllc: 
count,er is &own disconnected. The chronograph 
pen of some FMerlinr:-Angus millinmmeters can be 
nc:t,uatc!d by 45 v; but this power tiupply may not, 
be :tppropriutjc in all cases. 

In cf~sc C the I3 battery is agsin 1~sct1 for tlic 
chronograph lju t, the chronograph reccivcs only OIN: 
impulse lor t~c:li LOO rotnt~ons 0C the rolor. Tllc: 
counter is actuated once pc:r rotation. If a chmno- 
graph is used with any cxucopt, very low winds this 
arrangement or CM: h? is desirable. 

Case D is sirriil:.t.r tjo H except, that nn external power 
supply is used for tllr: c:hronogr:Lph. 

Case E is similar Lo C hut, 11:s an external power 
supply, 
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C~LIKI~ATION CURVES 
Calibrntion curves wliic:li :br(? typical 01 all insLrll- 

mt?nts are sl~owrl in Figures 7 snrl 8. 

15.4.2 Mercury Cup A rwmomctcr 

Another anemometer which is c::q&le of measuring 
wind apc:c:d as low na 0.5 mph is the rncrcnry cup 
inst,rumtxkkB This principle is quite Firnplc. With 
c?scli revolution, two small curvctl stainless steel 
knife edges attached to the cup arms make contact 
with two mercur.y surfaces conlt~iric:tl in Mm311 iron 

h This rtnemomcter WRS designed and conmtructerl on 
NDFK Contract 126, [Jniversity of Cdifornia. 
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cups attached to, but insulated from, the shaft. The 
current from a 45-v dry battory actuates the rn(!- 
char&al register. A schemat,ic diagram is shown in 
Figure 9. The mercury aont&s offer no detjoatjable 
re&t,ance to t,he rotation of Lhe cups. This mct,hod 
was employed to replace a pholoelectric counter and 
had the advantages of (I) simplicaity, (2) no required 
vacuum tubas or amplifiers, (3) low voltaga and cur- 
ront consumption, t,hcrcby making it independent 
of 110-v power supply. 

15.2.3 British Anemometer 

This instrument, is the ~-CUP t>ype, the cups being 
5.4 cm in diameter and the centers of the cups being 
at, a distance of 7.0 cm from the axis of rotation. In 
early models the counting mechanism cons&s of a 
high-gratlc stop watch, the lever escapement of which 
is opcreted indirectly by the rotation of the nnc- 
mometcr spintllc. The train of wheels is driven by t,he 
spring of the wal,ch and thus imposox no frictional 
load upon the anemometjc:r. As a retiult, this anc- 
momcter will funct,ion accrlrately t,o wind velocities 
as low as I mph. The provision of a beaded ctlge to 
the cups ensures a nr:arly const,ant factor for the 
instrument.” In latter models the stop watch mech- 
anism has been replacctl by the more orthodox 
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FI~URII 10. Cotnps,rison of mx@etic, mcrcwy (Rerke- 
ley), nnd British anemometer. 

direct, drive to a train of gears, but careful design of 
the bearings has result,cd in this instrument being 
practically as sensitivo at low wind speeds as the 
earlier modal. 

A comparison of t,he t,hree :memomc!t,crs was made d 
and is shown in Figure 10. The st,arting velocities of 
all three ranges between 30 and 40 fpm and the rnn- 
over or coast,ing rates are also comparable. 

0 The &sign uf this anemumetcr is due to P. A. Sheppard. d Contract NL)Crc-137. 
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FIGURE 9. Schematic dirtKr:trrl of mercury cup ane- 
mometer. 
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IJrcuRE 11. lhgrnm of recording-t+qx? hoi wire nne- 
momctjcr. 

15.2.4 The Hot Wire Anemometer 

The hot wire anemometer, because its sensitivity 
is grcateat, at very low wind spc&, was found to be 
the most, useful instrument in the jungle where winds 
of less than 0.5 mph (the stttrting velocity for the 
cup anemometers) are common. 

The cloctrical circuit, of the unctnometer consists 
of a Whcatstone britlgc!, one arm of which is a short, 
fine wire (usually 50 in. of 0.003-in. Pt wire in lhc 
form of a bird cage) which is exposed to the wind. 
Through this wire is pxa~snd a given current,, supplied 
by a storage battery, which causes the wire to heat. 
The wire will assume a c&air1 temperature (and 
hence! a certain resistance) when wind of a given 
speed blows by. The bridge is balanced with the 
anemomet,er covered; when the cover is rnmoved, 
the resistance of the platinum win? will change by an 
amount corresponding to the wind speed. This 
causes the bridge circuit to 1~ out, of halanm The 
amount of this unbalance is measured by observing 
the reading of a milliammeter or by a suitable rccorti- 
ing meter. A General Electric recording millivoltmctcr 
w:-LLS used for this purpose. A diagram of the circuit 
used in tho San Jose work is given in Figure Il. 

f CONCENTRIC MERCURY WELL 

RESISTANCE COI 
BINDING POSTS 

KNIFE-EDGE 
BEARINGS 

‘&ERCURY LEVEL 
ADJUSTMENT 

STATIONARY SUPPORT ROD,STEEL 

-u 

FK+TJRE 12. I)iagram of CTT-lype vnne for wind rcCot’d- 
ing. 

15.3 WTND DIRECTION RECOKDEKY 

15.3.1 The CIT-Type Vane 

This vane was designctl and built, at t,he California 
Instit,lltc? of Technology [UT] for the specific pur- 
pose of enabling t,hc recording of wind directions at 
speeds of :I, few tenths of a mile per hour. This high 
sensitivit,y was made possible by the use of (1) ljght- 
weight. materials, (2) circular knife ctlgc and jeweled 
bearings, and (3) mercury cont,acts for the electric 
circuit,. A diagram of the working part,s of the vane 
is given in Figure 12. Omitted from the figure: are the 
l&s cover and collar which slip over t,he electrical 
part, and protect it, from the weather. A schematic 
circuit diagram is given in Figure 13. 

The electrical circuit of the vans is essentially that, 
of a potentiometIer. Hy means of a l3 battery, a 
potential difference is applied across the 10,000-ohm 
coil in the vane. A certain fraction of this differcncc:, 
which depends on t,hc orientation of the vtm:, is 
tappod off by a small drop of mercury which touchcn 
the coil, anti which in t,urn is connected with the 
recording meter. The current passing through the 
meter, then, is a function of the direction in which the 
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Iho~mP. 13. Din,~mm of electBrical circuit, of continllous 
recorctinR vane. 

vane is point#ing. Ry having a high resist,a,nce in 
srlries with the meter, tilt? currtxd is made pract,i&ly 

lincnr wit,11 the direction. Thus, if wuth is selected as 
zero, thrl cast, will rt,stl 0.2, north 0.4, and west 
0.0 ma. The variable 7,500-ohm resistor in t,hc circuit, 

is usetl to adjust, t,llo proper maximum current which 
(WI flow through thr: mtGr. 8inr:c t;hc:rc! is elf neces- 
sit,y a gap of 15 t,o 20” in lhc vicinity of tllc: swit,ch- 
over tlircction (that, tlircction corrcspontling to z(:ro 
or the: maximum current,) the vane is set, up so that, 
the switch-over occ~n~ at t)he direction, if any, which 
is least, likely to 1~: recorded. This keeps the record 
obtainctl from being confrlscd and readings arc kept 
:~wa,y from t,hat, p:~rl of the scale which is least linear. 

This lype of rc!c:ording vane was used in the winds 
nurm:Jly encount cred in the open, wit,h just, as sat& 
factory results 3s in the light junglf? winds. A smallnr 
tail wax generally inst~alled when higher wind speetls 
wcrc etlcowlLcrd 

I 5 ..Y .z The IGght-Poinl Commercial Vane 

At mow or less permanonl innl,~llst~ions, the wind 
tlircctions 31 the 2-m hc!ighL \vcre recorded 11-y means 
of two ciglit-point, vanes. ,4s originally construc:t,od, 
thr vanes were designc,cl merely t#o indicat,o tlirc:c:lion 
1)~ causing liglitJs to go on inside a panel. l’lic!y were 
not, at all sensit,ivc t,o low winds because: of the 
heaviness and poor halance of the vane assembly. 
TTowwer, 11s d&sing it lighter asncmhly quite similar 
in i t,s dimfGons and corist,l~uction to the UT-type: 
vane (the CTT tJails were used), it, was found that 
these: vanes could he made adec@cly sensitive tc? 
winds us low as pi mph. Instead of indicating direc- 
tions on a light,ccl panel, the nincl leads from each 
v:mc (see diagram) were wird to tight coils of :*, 

TRANSFORMER BUILT 
INTO 20-PEN RECORDER 

twenty-pan recorder. A diagram of the c:l&rical 
circuit, is presented in %igure 14. These vanes mere in 

operation for over two months without, requiring any 
at#tention; the performance has heen most sa,t,iti- 

fuct,ory. 

15.1, TEMPICKATURIS APP.AR ATUS 

I.SA.~ Aspirated Thcrrnocooplc Systems 

The apparatus c:onsist,s esst:nt;ially of a hollow mast, 
carrying the radiation shields, aspiration occurring 
tlhrough the mast, i&elf. With it, temporuture diffcr- 
cnces bet,wr:en various thermoolements arc read on a 
sensitive portable galvanomoler. The apparatlls is 
not rc:r:ording but could bc: so motlificd. It, w:~s not, 
designed for quantity production (only four have> 
been made) nor for rough handling, although it is 

reasonat)ly sturdy. It, is, however, helievetl t,o ,givr? 
reliable results when properly usctl. 

RADIATNN ~HIELI)S 

The radiation shields ar(-! the righbangled pieces 
attached t,o the must as shown in Figure 15. They 
consist, sirnply of t,lie elbow (see Figure l(i) of thin- 
walled tubing of 1 -in. 01) wit’h an 1 i{ G-in. inner tube 
of the same matcriul held in the vertical part, of the 



248 MTCROMETEOHOLOGIChL INSTRUMENTS 

FIGIJRE 15. LXagr:u~ of m:~st with thcrrnocouplc system. 
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elbow by small pieces of rubber. The cxposetl thermo- 
element, is placed just, insidr: the outer opening of this 
inner tube and is held in the center by light pieces of 
wood. Thetic: various pieces of rubber and wood must 
not he so large as t,o impede aspiralion. 

The shieltlts fit tightly into hardwood a&ptcrs 
whirh, in tnrn, slip over short opc?n tubes prot,ruding 
from the mitst at, appropriate lovels. These a(IaptcrB 

wo111tl be better if rnadc of plastic. 
TLC wires from the: therrnoolcment~ continua 

throrrgh the length of the shield inlo the ndaptc?r am1 
emerge from it hole in its RidO. 

The type of shield shown bore is a simplificution of 
t,hat used by A. CL Rest.’ The! principal disudvantitge 
compared with that of nest is the slight uncertainty 
as to the exact, level ut which stir is being taken in; 
evpcriment,s with smoke suggest that, the uncert,ainty 
is not, more Ilizln 2 or 3 cm. In :ttltlition to simplicity, 
the present &ield 1~s the advant,age that the sir 
examined strikns the thormoelemmt~~bcfore strikiq 
any part, of the shield. 

THE M.UT 

The free opening of the highest radiation shic?lti is 
5 m from t,llc: ground. (FTigher m&s with the same 
construction could doubtlessly 1~ used.) The rn:~l~ is 
made of 3-in. No. 1X Shelby steel tubing (c::~~tlmium 
platted), To give port,sbility, it is rnwh in five: WC:- 
Cons (st!e Figure 1.7) ; these fit t>oget,her wit,11 the aid 
of end Hleeves of 3-in. 111. The Lop section is clo~cd :tt 
Llie top. The top section and tlic middle section :tre 
oath provided with u. loose ring carrying three eyes 
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h’rormku2 17. Thgram of 5-meter rn:d s&ions. 

for light guy ropes. Thr: various sections are pro- 
vided with short side t,ul,es to receive th(: radiation 
shield :~l~ptws. The heights provided hy the must 
are 5, 4, 3, 2, 1, 0.3, :md 0. I m; howcvcr, the side: 
tube for a SC-m shield has never been used and might 
wt!ll I)(: omitled. The bottom section of the mast fits 
into an 1, joint mounted on a base plate (Figure 18). 
The base: plate is designorl to assist in erecting the 
mast. 7%: L joinl receives a horizontal stretch of 
Shclhy tubing &ding to the aspirator. This hori- 
zont,al mcrnber consists of two plain l-m sections 
(not, shown in the drawings) ; it, is necessary that, the 
aspirator be somewhat removed from any of the 
shields so as not to disturb the air around them. 

This is necessary so that] the radiation shields may 
be kept up-wind of the: mast, auxiliary app:trat,us, 
and observer in case tlic wind shifts. 

The: base plate carries a hinged flap with two ?&in. 
holes, shown at the top of Vigure 18. Hcfore the mast, 
is erected, this fly) is pinnod to the: ground through 
thcsc two holes. hft,er the entire mast, wit<h shields is 
nssctmhletl on the: ground, it is ercoled by rotation 
about t,he horizontal axis of t,he hinge; a third pin is 
then plnccd in the ground t,hrough the base plate and 
the mast, ifi guyed. 

Without, moving the guys or base plate, the mast 
ant1 t;he horizontal sect& leading to the aspirator 
may be r,otuted about the vertical axis of the mast. 

THE AHPIRATOR 

An ordinary aluminum hollsehold vacuum-cleaner 
blower has been folmd satinfar: t#or,y for aspiration. To 
drive it, a G-volt, model locomotivt: motor No. 1174 
was used, made by Krndriclr and Davis Co. of 
Lebanon, New Hampshire. ,4 blowc?r with its motor 
is indicat,etl in Figure: 15 a2t t,he left, end of the 
horizontal S-in. tubs. Thr: mot,or was oporuted from 
a storage battery, hut alternating current may be 
usctl if available. 

With the arrangement, described, the radiation 
shields are found to he ndcquately ar~d suhstanlially 
equally aspirntcd. The air flow past the thcrrnoele- 
rnent is 1,200 fpm or more. The &ields and their 
aspiration have been considered adequate if no 
significant tempcmture difference developed when 
two shields were placed side by Gde in the sun and 
tt shadow was thrown on one shbltl. 

A squirrel-cage blower, No. 3, made hy the Id-It 
Manufacturing Co. of Torrington, Connecticut, can 
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E‘TCKTRE I S. L)iagram of hxsc plate and 1, joint.. 

easily be mounted so as t,o be used instead of tllc: 
vacuum-cleaner blower. AMlough the squirrel cage 
blower would appear to 1.x: satisfactory, ficltl trials 
have not been made with ant?. 

If iI, is desired to measnrc profiles through hci&s 
of rnore t,han 5 to 10 m, such as is the case if a profile 
is dcsircxl from the ground up through the trclc? 
crowns in a for& it may be more convcmient to dis- 
pense with aspiration t,hrough a mast and provide 
each junction with an aspirator at its own level. 

Single-junction copper Advance thermoclcments 
were used. Numbct 20 wire was employr:d; and, at, 
t,he junction, scvcral turns of one wire wore wound 
closely around ~11c other and the whole sold(?red. This 
gave a junction of moderate heat capacity, which was 
desired since it was not the intention to follow rno- 
mentary tcmpc:rat>ure fluctuations. The arrangement 
of the various junctions is shown in Figure IO. Thus, 

NO.20 COPPER (STRAND) WIRE 

NO. 20 ADVANCE WIRE 

thcrc was one junction in the top radiation shield ant1 
t,wo *junctions in each of the other shields, so that 
temperature differences Mween adjacent levels wcrc 
measurable. 

In order to obtain temperatures as well as diffcr- 
ences, one thermocouple had one junction in an aspi- 
rat#cd shield (that at 0.1 m) untl the other in a pointed 
copper piece inserted about 2 in. into the: ground. In 
the copper piece was also placed a nioraury ther- 
mometcr graduated to 0. I C and with its bulb in good 
thermal contact with the thermoelement. The: soil 
tem~perature as given by this mercury thermometer 
was relativc1.y steady. Aside from its own intercat it 
afforded t,he basis of tlet,ermina.tion of the air tem- 
peratures. 

In the soil thc!rmometer there was also one junction 
of a couple, the: other junction of which was in a 
device to measure surface tc>mperaturc:s. This was a 
pica{: of heavy felt, with a fine wire junct,ion in its 
surfaao. The felt was mounted in a convenient handle. 
In IISC, the junction is pressed against the ground for 
a second or two ant1 then movatl to a new spot, pre- 
srlmt:tl to be similar t,o the first. This is repeated as 
many times as may be necessary t,o obtain a c:onst,an t, 
reading. This procedure appears to give int,elligihle 
results-in case the: ground prcscnts a reasonably well- 
cl&nod surface on which to make measurements. 

Although not irnperativc, it, is highly convcnicnt to 
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have all t,hermocouples built with the same resistance 
so t,liat defloc:Lions on a galvunomctcr ma,y be con- 

vert,c:d to temperature ciiffcrences, using the same 
calibrat,ion for each couple. It was found convenient 
t,o build all thermocouplca into a single waterproof 
rubber-covered cable with approprint,e taps leading 
to each shield. (Thus, the top section of oahle bc- 
twecn 3 ad 5 m contains only two wires, one copper 
and one Advance, with increasing numbers of wires at 

u lower levels. The wirrs in the part of the cable leading 
to the galvanometcr are all copper.) 

The electromotive force: given by a copper Advance 
t~hermocouple is only -10 X IO-” v per centigrade de- 
grce of tcmperat,ure difference:. Consc?quently, care 
must ba exercised with the insulation to avoid the 
introduction of cxtrancous electromotive forcas; and 
precautions must be taken to climinxte thermoelec- 
Lromot,ive forces othor than those dur: to t,hc CC~IIRH. 

The thermocouple cable leads to a set of switches; 
these are contained in t,he upright, box at, the left 
of Figun: 1.5. (This box serves as a carrying case 
for all par& except the mast, which packs in t,hc 
horizontal box.) Ordinary copper knife switches arc 
used; attempts to replace t,hese by a compact mult#i- 
selector swit,c:h have been unsuccessful because of the 
introduction of spurious olectromot,ive forces pre- 
sumably originating at t,hc silvered switch conta&. 
With the aid of double-pole single-t,hrow switches any 
desired couple may be connected to the galvanometer. 

The galvunomet,cr should be a low-resistanct: in- 
st,rument with as high acnsitivit,y as is compat,ible 
with ready portability. A Leeds and Northrup gal- 
vanomet,cr No. 2420B with enclosed lamp and scale 
bus been found convonien t. A galvanome t,er chosen 
to have adequate sensitivity for small tempcraturc 
differences may give too large deflections with large 
temperature differences. Therefore, it is convenient 
to provide one or two shunts which may be quickly 
thrown in if desired; these may be chosc!n so t,hut 
the factor for converting deflections into temperature 
differences is made a small int,cgcr and thus the ap- 
paratus is made substantially direct, rending. 

(jB8KRVhl’lONAL PROCEDWRE 

With the apparatus set up in the desired locution, 
and with the radiation shields up-wind from the mast 
and the rest, of the apparatus, the blower is st)arted 
2 or 3 minutes before observations are to start. 
The zero position of the galvanometcr is read with the 

instrument shorted through a resistor; this observa- 
tion is repestc?d frequt:ntJy. A series of defloct#ions is 
then mad, starling with the 5- and 3-m junctions and 
prococding down thr: mast, ending with the 0. I-m soil 
thermocouplr:. Because of fluctuations in the indi- 
vidual tempmatures, the series is immcdintely re- 
peated. About 5 min are required to make four series 
of retdings; thus any one temperature difference is 
measured four times at intervals of a litt,lc ovf?r one 
minute and t,he results averaged. Along with this 
group of o&rvations, the mercury soil thermometer 
is read and, if desired, the soil-surface diffcrencc. 

15 A .2 Recording Resistance Thermornetcrs 

A convenient mc~thod of measuring and recording 
a series of temperatures in order to elrtabli& the 
gradient, in the atrnosphf:rc is by means of resistance 
thcrmometcrs. The temperature difference between 
two thermometers at different levels may be meas- 
ured by placing thr: resistance coils in the arms of a 
Wheatstone bridge. Th(! unbalanced bridge circuit, 
may be employed to operate a Leeds and Northrup 
MicromaX, or the rmbalnnced potential may 1~: regis- 
tercd clirec:Lly on a recording Goneral Electric milli- 
voltmet,er. The following is a description of the 
system omploycd on the San Jo& program. Il’igure 20 
is a diagram of the circuit. There are ten pairs of 
arms, any two pairs of which can bc connected by 
rnexns of automatic rotor and base selector xwitchos 
t,o form a bridge. 7’1 through T, are the arms whose 
resistance indicates the desired tempcraturce. They 
arf? coils of fine copper wire inserted in t,hc aspirated 
shields at, various lc~vcls from 0.3 to 24 m or1 the tower. 
When two of these arms form part of a bridge, a 
tlempcraturt! difference bet,ween t,hcm will cause the 
bridge to bc out of balance, and a potential difference 
proportional to the unbalance will be set; up across 
the meter and recorded. T,,, is it coil of Manganin 
wire. &cause of t,he low temperature coefficient of 
rcsistanae of Man&n, a bridge formed with this 
arm and the: one solecteri for the reference tempora- 
turc will bc out, of balance by m umounC indicative 
of the actual tempcraturc of the base thcrmomcter. 
Either of the bott,orn two thermometers is used for 
the! reference because the? short period t,cmperatrtre 
fluci.t,uat,ions are smallest, at, thrsc points. 

When in operation, the! rotor switch is uctuatcd by 
a synchronous motor in such a way that, the bridge 
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circuit, is changed every minut,e. h complete cycle, 
then, in made every 10 min. l?ach time a new circuil; 
is made, tllc synchronous motor also (pauses the meter 
to make a mark on the record roll, thus permitting 
the separat,c? temperature differences to be tlis:tin- 
guished readily. A sample record is given in Figure! 21. 
A typical cycle with 1’1 as lhc reference! therrnome- 
ter will havr: t,he following sequences. First, when T, 
is in the circuit, the meter records t,he zero reading, 
hcaause there is no potential tlifferencc across Llic 
mct,c!r. Then, with T, through To succeeding one all- 
other, tlic temperature differences between ~ncli 
thermometer and TX are recorded. Boadings to t&lie 
right of the zero indicate th:tt that Ihcrmomt:t.c:r is 
warmer than T1; to the left, cooler. Finally, wl~n Tlo 
is in the c*ircuit, 111~ actual t,emper:lt,ure of 1’1 is 
rcaorded. Aft,cr an open circuit,, the c:_vcle repcats 
it&f. 

Certain of the important details of t,hc electrical 
circuit will be mentioned helow, Reference is rnnde 
to IQgure 20. The Lhc!rmometors T1 h~ng11 T9 arc 
wound with NO. 38 copper wirt: and h:tv(: a resistuncc! 
of exactly 5 ohms. Since the nine arms contrtining 

these thc:rmometc!rs must all have the same rc- 
sistancc, the leads to them are all of the same length. 
(At, the townr station ~~0-1~~ lengths w(!re used.) 

The Tin is a 3-ohm Manganin coil. The t,en rc!sistors 
h$ are Manganin coils each with a resistance equal 
to the tot:.d resistance of its opposit.r: arm. & and 1& 
are fixed and variable IiWohm resistors, respectively. 
The resist,ant:r:s of the 10 arms on the left-hand side 
of Figure 20 arc adjuxt,c:d by means of the variable 
resislors to be exactly equal to one anot,her and RS 

close to 5 ohms as possihlo. The variable resistor & is 
~rnc~J t,o adjust the volt,age applied across the bridge 
and the sensitivit,y of the scale. 

15.4.3 Surface Thermornetcrs 

In general, the moving fell pad method of measur- 
ing surface t,cmperatures was c!mployc?d with tither a 
thermometer or a thcrmocorlple junction in the pad. 

A description of the Ban Jo& project thcrmocouplr: 
syst,om followe. 

An Advance copper couple of No. 32 wire was used. 
One junction was Gsod on the Isottom of u rubber 
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15.6.2 Photocell .I llumination Recorder 

The primary factSors influcneing the mngnitudc: of 
the: daytime lapse in a given area are : (1) the altitutlc 
of the sun, (2) the wind spocd, and (3) the amount of 
cloud cover. The: first two factors can be asccrtuined 
rcudily by direct, measurement and from knowlcdgc 
of the time of day, time of yn:lr, and the approximate: 
1:ltiliide of the are8 under consideration. The amount 
of cloud (‘over’, however, is a diffcrcnt quantit,y to 
h:tnclle, especially in a jungle, and when more or less 

c*ontinuous obst!rvationx arc necctisur,y. An inslrlr- 
rnent, which records a quuntit,y r&ted to t,hc: in- 
tcnsity of Lhe solar radiation should yiold data vary- 
ing with clout1 cover. 81~11 an instrument, was de- 
signed and constrrrct8ed at San Jo& and installed at 
the tower station. It ws eesentidly an electronic 
c*ircuit, which amplified the current of a photocell. 

The cell with vacuum tube md battericx was 
mounLed in a waterproof box at, the top of tlic tower, 
one? Bide of tlic box IIcing ma& of Plexiglas, a trnns- 

p:~rcmL phstic. A shd of white: celhdoid, fixed in the 
horizontal plam, refl&ed the light frorn the sun, 
sk.y, and clouds through the window to the photocell. 
The current, induced in the cc4 was amplified by 1-hc 
vacuum tube: and ttic?n passed through long leads to 
a recording milliammc+~r at, t,hc: instrument sha,ck. 

15.03 Humidity Measurements 

Sling psyc:llrometJc:rs were generally used to moss- 
ure rc:lativtb humidity. A hygrograph may frequent,ly 
be crnployeti to follow general diurnal trends in tlic: 
for&, although it is not accur:lL~ in detail because: of 
shifting of t,hc zero point. Th(! dry bull) of the sling 
psychrom&r was ust!d regularly in some projects 8~ 
a chock against the ttmperat,ure profile apparalus. 

15.7.1 The Selection and Plan of Operation 
oE Field Microme teorological 

‘Cnstruments 

l%: most u~u:~l practice: in the testing of chemical 
warfart: munitions from which a, gas cloud is pro- 
duac:tl is to funntion the munition in a selectc?tl area 
over which samplers are clietributc?tl in a known pat- 
tern. These samplers produce :I record at each 
sampling point of the total Ct, the Ct produced within 
a given time int,c:rval, or of the t,ime-c:oncent,r:Lt~ion 
curve. 

These chc:mical sampling results are depentlcnt on 
the characteristics of the munition, the influence of 
the agent, on the riat>ural air-flow pattern (for ex- 
ample, tlir: gravity affect), and t,lie air-flow pat,terri 
itself. The effect, of the lnttcr may he staLled most) 
simply in terms of a wind speed representative of the 
area, a wind tlirt:c:t,ion reprcscnl.ative of the area,, and 
a t,empcrat8ure graclient reprcnentative of the area. 
The time interval involved is t,he sarnfh :W Lhat, usc~l 
in the chemical sampling. 

For preparing munition reqtriremcnt tables as we11 
fts for the intcrcompnrixon of clX(!rr:nt munitions, it 
is evident, that the acc:uracy requirements of the 
micromett~c~rolngical assessment, art: fixed by the u,c- 
curacy requirements laid down for thr! chemical 
sampling; if it is desired that the: chemical results be 
known to + 20 yO, tlicn, for example, the t&trance of 
t)he wind velocity measurement should be sc?locted so 
that, it is found from a consideration of gas cloud b(\- 
lluvior that this amount, of change in the: wind vcrloc- 
ity will affcct~ the Ct by not more than +20(x,. 

The instrumental accuracy of the anemomotcrx will 
ordinarily 1~: much better t,han this, brat because of 
the na.tural variations in wind speed over the target, 
area, ficveral anemometer locations may bc required 
in order Lo fix the rctprcsentativct wind velocity wit,hin 
theso limits, particularly if the sampling time: is short. 
Vor the sake of innrcused accuratay, the inntruments 
will frequently l)c located within the area considered 
dangerous to personnel; honcc the instruments should 
be self-recording or remote-indicating. 

Similar considerations; apply to rncasurement I;: of 
tJemperaturc gradient,, oxaept that ordinarily Lhis 
quantity is steadier and more nearly uniform over 
the target area than is wind velocit>y. For a desired 
accuracy of -t-20(%, ~I,H reflected in the chemical 
sampling, the required accuracy in the measurement 
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of temperaturcl graclienl “between 2 and 0.3 m Iurns 
out to be on t,llc? order of + 0.05 dcgrcc C, for open 
terrain. 

Another variable micrornet~eorological faclor, usu- 
ally observed if prcscnt, but no(; measured, is the 
prcsc!ncc of updrafts and downdrafts over tlic largct, 
area. Ordinarily the value of the rnicrometeorologic:ll 
data will be much enhanced by photograpl~ic and 
visual notes; an overall estimate of t,tie weight, which 
should be given 10 the result,8 of a parlicular field 
trial, can be given only after a review of all the ob- 
sorvstions taken, preferably as soon as possihln ftfter 
the operation. 

Anotbcr closely allied objective of chemical war- 
fare rnetcorology is to enable the prediction of gas- 
cloud behavior at a given time and location, both fol 
offensive and dcfenaive purposes as well as for solcct- 
ing the optimum time at which to run field expcri- 
ments. In this case t,he accuracy requirements arc 
less strict, t,hun for most proving ground work, but 
it is desirable to collect long-period records from un- 
utt,endecl instrurncnts, and to have them in such form 
that, they may bc quickly scanned without fur’lhcr 
treatment. 

15.7.2 A Representative Scleckm of 
Recording Instruments for Field Use 

The most satisfuct,ory instruments covering tlic: 
optimum ranges and fulfilling the above retluirt?- 
men&, as indicated by NDRC experience: at Dug- 
way, consist of the following: 

I , For wind speeds from I to 15 or 20 mph : A light, 
contacting, ~-CUP anemometer such as the Lane- 
Wells or Fritz 339-L usctl with a relay-type frequency 
meter and an Esterline-Angus recording milliam- 
m&r. 

2. For wind direction (down to about, 0.3 mph) : A 
wind vane with a potentiometer-type: head, in con- 
junction with another Esl,crline-Anglls recorder. 

3. For tempomture gradient: Tliarmocouplos 
mounlcd between the! t,wo selected levels (now usually 
0.3 and 2 m), aspirtttcd (or if unaspirated, t,hen 
proven by experiment to fulfill the: desired accuracy 
requirerncntnj and connected to a photocell galva- 
rlomet,er-arny)lifier the output of which is recortlcd on 
R third Entcrline-Angus recorder. 

4. For wind speed from 0 to 2.5 mph: A hot wire 
anemometer, the out#put of which is recorded by a 
less sensitive! photocell g;alvanornc:tc?r-ampli~ic:r with 
Esterline-Angus meter. 

The above instruments (with tllc exception of the 
hot-wire anemomelcr, for which a satisfactory dosign 
has already been described) have all bcc:n made bat,- 
tery-operat,ed and self-containc:d in weatherproof 
cases capable of being transport,cd by vehicle over 
rough roads, of being handled and set up in the field 
by OIW operator, and of operating for several hundred 
hours without attention or significant change in 
calibration. 

Although tll(! above instruments have been thor- 
oughly tested by actual use over a period of a year, 
and although thcty can 1)~ operaled and mtiintained 
by selecM .enlistetl men, mtl have in their opcrution 
entailed a tremendous saving in manpower where cx- 
tensive rcr:ords were: to be t#akcn, in many cases the: 
simpler hantl-read devices will suffice, particularly 
for meaaurernc~nts of tcmperaturc gradient,, surface 
tempcrnture, and long-lime nveragcs of windvelocit)y. 

The: wind speed recorder, 1 to I5 or 20 mph, has in 
particular shown it,self to be a far more usc?ful instru- 
ment than was first anticipated l)p properly evaluat- 
ing in the simplest, manner the rcpresentativc wind 
speed over an urea. 

15.7.3 The Relay-Type Frequency Mctcr 

Tlic: most satisfactory rncans found for rccortling 
wind velocity from a rotating anemometer con&s of 
an Estcrline-Angus milliammetJer used with a rclay- 
type: frequency meter. This system presents the ad- 
vantages that (1) l,h(? record is immediately avuilahlo 
without further treat,ment, (2) the reaorti ie not fur 
from linear in calibration, (3) there is a choice of 
paper speeds ranging from $1 in. per hr to 3 in. per 
min clepentling on the: purpose for which the record 
is required, end (1) that! the records may be preserved 
in compact form in xrlcli a way that although any 
portion may b(> int,ensively studied, there: is no 
further measuring or computation to be done!. 

This type of Grcuit,, shown in Figure 25, is re- 
ferred to I4 as a condenser discharge anemornetcr. It, 
operates as follows : 

When the anemornctor contacts are closed, the re- 
lay (see Figure 25) is energized and C, is charged 
through tllc: lower relay contact to cssentidly the full 
volt,age of battery B. When the: anemomctcr con- 
tacts -are opened, condenser C, tlischargcs almost 
completely into the smoothing condenser CT2 (much 
larger than Cl) and cvcntually the charge passes 
through the milliarnrnotor. This process is rc:peat,ed 
for every make and break of the unemornet,c:r con- 
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RELAY BATTERY 0 

E’IG~JRE 25. Circnit diagram of a why-type frcyucncy 
rncter. 

FIGIJH~ 26. Circuit, dingr>uxl of a keep-alive relay oscil- 
1,1,t,nr. 

tacts, the quantity of electricit~y tranr;fcrred each 
time being qua1 t>o t;he Vb X CT,, whcrc Vh is the 
battery voltage and C, is in farads. The current 
through the milliammeter is then equal to F X Vb 
x C1, where P is t#hr: nutnbcr of unemomoter contacts 
per second. 

Since the resistance of the milliammeter is fairly 
high, the v&ago drop w:ross the terminals T is an 
apprcciablc fract,ion of V,, and C1 will not, br: com- 
pletcly clisc:l~argetl when the millinmmet~er shows a 
deflection. The exact formula relating I,, the current 
in milliamperes passing through the recording meter, 
to F is given below : 

whPr~ II!, is tllc met,c:r* resistance. 
The number of contacts per second corresponding 

to each sucr:c!ssive mile per hour of wind speed cim be 
obtained from the anemometer calibration c:llrve; 
Vh tend C, can thc:n be so r:hosen t&t the rr:sultsnt 
calibration curve (milliamperes against, wind speed) 
is ncady linear and coi”rt:sp~Jnd~ in some way to the 
linc:s on the charl paper. Bince the anemomt+er will 
not tIurn nL all h&w a threshold of +$ to 1 mph, the 
zero of Lhe milliammc:l;er may be intcntionrally sc:l :t 
littlc to the right of Ihe first chart line and then the 
uniformly #paced chart, divisions will corrcspontl 
quite: w-e11 over the whole r:mge to uniform stops of 
miles per hour. 

The smoothing condcnscr CZ is chosen to be large: 
enough so that, nach individual plllse from C1 mill 
caust:, even at the lowest, wind spe&, only a tolerable 
wavc:ring of t,he recording pen. A larger value of CJ, 
will unnecessarily reduce the speed of responxt: of the 
system, tonding to give :I weighted time average of 
the wind velocit,y over the past period of time. The: 

overall speed of response of the system than depends 
on the response t,ime of the milliammetcr, the intro- 
duced time delay, and hence the numbor 01” cork&s 
per revolution of the anemometer, and ihe reMion 
betwoctn the moment of inc:rti:L 01” the unemomokr 
cups and their effective area which is axposed t,o the 
force of t,hc wind. 

Both the UT model of the Lane-Wells anemometer 
and the Yricz 339-T, ant:rnometer (preferably modified 
so that it, gives two contactIs per revolution) have 
proven satisfactory; the use of photocells wit,h a 
faster-acting similar type of vacuum-tube frequency 
mt:tcr has also heen uwtl with the Biram ancmometnr 
with good fic:ld results and a somcwliat faster speed 
of response. In practict:, the Lam:-Wells ancmometc:r 
with its recording circuit will in a few seconds (tle- 
pending on t,lie w&d speed) give a SOyA responst: to 
an abrupt cliangc in wind speed. 

15.7.4 The Keep-.Alivc Circuit 

Experience with the Esterlinc-Angue meters in the 
field has indicated that far more satisfactory records 
are obkned with lhem if, in addition to the mens- 
uring current, a smull low-frequency nltcrnating cur- 
rent -is passed through the moving coil. This “keep- 
alive” currcnl, just enough to muse tlic pen to 
t,remble visibly, serves to make the pen continually 
assume its true equilibrium position; if it is not 
present, the: pen will not follow rapid flualuations in 
t’he measuring current with a high clegrcc of accuracy, 
:md partic:ularlp at, low paper speeds the: pen will tend 
lo mow in jumps. 

The mosl; economical way of obtaining this small 
altIernat,ing current,, of a frcqilency of about) 10 c, is 
by the use of a relay oscillaLor together with a small. 
transformer, condenser system, or puir of bulteries 
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c:ontrolled by t8hc! relay contact A. h simplified clingr:.Lm 
of the shunt-type, rtky oscillator wit!!1 t~rzmdormer is 
given in Figure 26, d the expl~n:~t~ion is as follows. 

When the batStcry H is first conncxted, condenser C 
is charged through resistnncc h’r :md RS soon fts t,hc? 
voltage across C becomes high enough, the r&y 
armature is pulld down and 3 pulse of current is 
sent t,hrough the transformer. When t,he connection 
ut, the upper contnct is broken, however, the relay 
armature is not, released inimntli~~t~ely because the 

WIND VANE RESISTANCE 
ASSEMBLY (SCHEMATIC) 

current, stored in II continues to flow through the 
r’dxy coil. Since t,he air gap in the mti.gnc?tic circuit 
iR rctluced when the armature: ic; held down, the 
ttrm:lture can be held down by u (burren t considerably 
sndlcr than t,h,zt required to pull it down initially. 
Findly the condenser current through the day coil 
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d(v:rc:tses sul?iciontly t#o allow the spring tonxion to 
rc:lcusc t,he armature, and the cycle can then be 
repeated. 

In practice it has been found that~ considerable 
experimentation is rctluired t,o get, a given type of 
r&y t,o function dependably over long periods of 
t,irnP; t,he cxuct analysis of the action is complicat,od 
Ltncl there ilre numerous possjblc vltriations of the 
circuit,. The time the relay remains in the opc~n and 
closed positions dopmds on the: cxpacity of C, the 
battery voltage, the: relay resistance, and the :I.tljust- 
merit, of the spring end relay contacts. The inertia of 
t,hc: armatJure and Lhe resonant frequency of the corl- 
(L,nse~-resist~~nc:e-inductanc:e combination appear to 
have quite an effect, on the stability of operation. 
When properly designed, however, the circuit, ap- 
pcxrx capnblc of giving year-long unint,erruptctl 
xcrvice from :.I, dry cell. 

1s.7.s The Recording ol’ Wind Direction 

Figure 27 shows a mrxns of obtaining an indication 
of wind dir&ion by a, resistor assembly attached to 
a standard Friex 303-C wind vane. The c:ight con- 
tacts of the vane arc made to indicate Ici steps of 
direction, 15 of t,hern as successive stt:ps in the 
millinmmeter, and one as a single position about, 
midway in the deflection, It 1~s been found in prac- 

tice that the latter indication, although nearly the: 
same 1~s one of tlic ot,lier steps, causes no confusion 
in intcspretation hccause the: vane will not ordinarily 
turn abruptly through an angle of 180” without, leav- 
ing an indication of tha intervening directions, and 
this anomalous position can in any case be oriented 
away from t,lie prevailifqg clirect>ions. 

Since the circuit is a modified potentiomct,ric cir- 
cuit, the rcs&ance of t’he cont,sc:ts is unimportant,, 
and a completely open cont,act, will show zero voltage 
on the rnilliammc:tc~r; this intlic:ation is different~ from 
t,hat of any wind direction. The use of a specially 

designed wind vane would reduce the: bulk and weight, 
of the apparat,us, and light,-friction units are now 
c:ommt:rt:iaJly available for changing a circular indi- 
cation into linear metIer indic:a.tion, with a negligiblr 
transition interval from low-sc::.tle to high-scale rcad- 
ings. 

15.7.6 ~4~xarIlph of Complete circuits as 
Used in the Field 

P’igurcs 28 and 29 show t,hc: complete diagrams with 
circuit constants of two fic:ltl sets for recording wind 
tlircction and velocity. The 12-v moticl, aontJaining 
two recording mctnrs in one case, is too heavy for 
convenient transportation away from :L vehicle, but 
has lhc advantage of being self-corit,ainctl. It will 
record for a week without att,ention t,o the meters, 
and the self-cont,ainc:tl battJeries will give abollt, 1,500 
lir of service before il, is necessary to replace them. 

R-l 

LANE-WELLS 
MAGNETIC 
fEy+j5TER 

SEE FIG 28- 

The 2-v mo(lcl, using a charge-retaining lead-acid 
storage batter.y, will withstand temperat>ures far be- 
low 20 F, mherc: dry cells would freeze and become 
unroliuble, and contains only the recording meter f01 
wind velocity; the wind-dirc!c:tion recording milliam- 
mctrr can be (xsily carriotl separately and attachPti. 
In all casfs the milliamrncters must be properly 
&ock-mounted to withstand transportation. 



Chapter 16 

BEHAVIOR OF GAS CLOUDS 
By Wendell M. Latimer 

61.1 TNTRODLJCTTON 

T IIE NORMAL OBJIWTTVK in the use of clouds of non- 

pr:rsistent toxic ugcnts is to produce casuahies 
among personnel on or near the ground level. For 
that reason the greatcut, efficiency is &ained when 
the cloud remains close to t>he earth’s surface: and the 
importance of t,he factors influencing atmosphc~ric 
stability, discussed in Chapt,cr 1’1, are obvious. In 
general, ontl~r inversion conditions, the cloud will 

travel along the ground with a minimum of vertical 
displacement, and casualt#y-producing dosages may 
1~: expected at great, distances from the source; while 
under lapse conditions the large convection currcnt>s 
arising from the inst,ability of the air near the ground 
will tend to lift the cloud and t,hc efficiency will fall 
off rapidly with the distance from the source. 

The: Chemical Warfare Service [CWS] is inter- 
ested in munition requirements for c&a& specific 
tactical objectives. In determining s11ch requirements, 
it is gcnorally necessary to know the dosages of t,oxic 
material which are set up by a given munitJion. The 
quantity of toxic gas which a man may breathe is 
proportional to the xvcrage concentration C of the 
gas and the length of breathing time t, or more 
exactly, 

s 

ta 
Dosage = crtt . (1) 

h 

The value of this integral is gcncrally referred to as 
the! Ct value. Tlic! actual quantity of toxic m&&l 
breathed also drpcnds upon the rata of breathing 
which may vary from I5 to 50 Ipm. This fact is taken 
into ac:c:ount in assigning lethal dosagcx, but t,he 
overall C’t value is the significant, quantity used in 
assessing the munition efficiency. One unit often cm- 
ployctl for nonpcrsistc?nt~ gases is millipm miwutcs 

per liter. This unit, is I ,000 times as large as milligr:.ml 
minutes per cubic meter, the unit, gonerally used. 

F’or a definite sot, of field conditions t,he eff&nt:y 
of the: rnunition is also governed 1)~ t,hc area covered 

by a st,ated minimum Cjt. Thus, for example, a bomb 
may give Cl values of at least 20 mg rnin per 1 ovel 
l,(iOOq ycl, and Ct values at leaal 3 n& min per 1 over 
10,000 sq yd. This is generally statctl as L”t = 20 arc:*. 
of 1,600 sq yd (0.16 urtillcry square) and Ct = 3 area 
of 10,000 sq yd (1 artillery square). 

In some reports tlic! integral of Ct over all arcas is 
given and referred to as CtA. This quantity is of 
value in the comparison of relat,ive bomb efficiencies, 
and also in calculating the overlapping of clouds in 
multiple bomb shoots. Iiowcver, it has no particular 
military or tlactical significancn in itself. 

As indicated al.)ovn, the atmospheric stability is a 
highly important, factor in the efficiency of a gas 
cloud. However, t,hc? most important single factor af- 
fccting the dosage? or CA value is t,he wind speed. Wit,11 
a source of fmilc time which produces a cloud of a 
gi.vr:n diameter, the: time of passage of the cloud ovel 
a point,, and, therefort:, the dnsagc at the point,, is 
inversely proporlional to the wind speed. With a 
source of infinite output time arid definite rate of 
outpllt, the dosage in a givnn time for a given weight 
of material is also inversely proportional to the wind 
speed, since? the volume of air int,o which the material 
is injcctctl is proportional to the wind spectl, and 
hence the concentration of the material is invorscly 
proportional to the speed. For clouds of finilc size 
t,he effect of wind velocit,y rlpon t,he area of a given Ct 
value is more complicated, Ijut, for high winds the 
area is invcrsc1.y proportional to the square or cube 
of t,he velocity. 

Other factors that affect, the ef&:icnc:y of gas 
ClolKls, in addition to atmospheric HtaMity and wind, 
arc gravity flow, turbulence and lurgc: cddins, and 
the nature of the ground surface, including roughness 
and vcgc-%ntion. In t,liis chapter the l)Aavior of gas 
clouds wit,h respect to t,hosc? various cffcc:tls is con- 
sidered. 

16.2 LINK SOURCES 

16.2.1 Open Terrain 

Tn the early IIRC of gas in World War I the tine 
SOMY~ was frc:quc?ntly employc:tl. The gas was re- 
leased from cylinclers on a lint: from I to 5 miles in 
longt,h and the lime: of emission was from 2 to 5 min. 
A steady, modcr:~toly high wind blowing t,oward the: 
cncmy positions was required. The motlcratr?ly high 

wind reduced cticicncy by t,he dilution effect, in- 
creased the turbulence, and was unfavorabln for t,hc 
cxistnnce of high inversion conditions. Thns the loss 
of gas in traversing the territory l~Awt:c:n the lines 
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PI~.UHF, I. Concent,mtion at l-foot height, 150 yar&, 
from source vec(jus temperature grdient, hct,ween 1 ltnd 
fi mders. 

was very great and the method was replaced by muni- 
tions such as the Livens projector and chemical 
mortar which placed the gas directly on the enemy 
positions. However, considnrdJe tIheort:tical and ex- 
perimental work has been done on the travnl of gas 
clouds from line sources. The well-Mined character 
of the source has many atlvantagce in controlling ex- 
pcrimentul conditions, and in most, cases, area sources 
may be treatctl as line sources; thereforc knowMge 
of the travel of gas clouds generated at, a line may be 
applied to many problems. For this rcason the line 
source is considered in some detail. 

An oxtenaive investigation was carried out, in the 
Sacramento Valley of California on the concentra- 
tion of butane from a line source. T3ccause of t)he very 
high inversion prevalent in this region, this sludy in- 
cluded the ef%cct of atjrnosphnric stability over a wide 
range of conditions. 

I- I 
1.0 1.5 20 

WIND SPEED RATIO (R) (2TDl METERS) 

FIGTJRIC 2. Concent,mt,iions at, l-foot height, 150 prds 
from Source verfas wind velocity rat,io between 1 rind 2 
meter:s. 

The correlation of the concentration at the l-f? 

level, 150 yd from the source (0.5 lb per min per yd) 
with the temperature gradient, is givc:n in Figure 1, 
and a similar correlation with the R values is given 
in Figure 2. The general tlcpendence upon atmos- 
phrric stabilit,y is apparent and the c:onclusion may 
he drawn that both the temperature gradient, and the 
wind gradient, are satisfactory meanures of the sta- 
bility..However, the caor’relnt,ion is slightly bctler with 
the R values. Althorlgh the wind velocities were 
mostly in t,hc: general mngc of 3 to 5 mph, a bett,cr 
corrc:lut,ion might, be expected if the product of the 
concentration and the wind v&city were plott,ed. 
Such a plot against, R iM given in Figure 3. The: poinhs 
fall fairly well on the curve and the tiaviationn may bc 
nscribed to expcrimerital errors arising from fluctun- 
Cons in the wind. These fluc:t,uationx incluc1.e both 
speed and direction, the latter being the more an- 
noying in line source cxperirnents as t,he conclusion 
assu&s that the wind direction remains constantly 
at right, angles to the source. 
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The surface of the ground was covered with grass 
2 ft high and partly l)cnt over. As a result of this 
roughness the R values are higher hy shout 0.10 unit 
than the corresponding values over smooth ground. 
The v&c? for neutral conditions (zcrc) tlemperature 
gradient) ix 1.23. Values of R above 1.46 are not 
gonerally espericnced in regions of moderutc!ly high 
relative humiditics. However, at1 this value of IZ t,he 
cfficicmcy is sonic 4 or 5 times as great as that 01~ 
iained for modcrate lapse. At an R valrre of I .8 the 
eEc:ioncy is 40 lo 50 times the lapse value. 

In the preceding paragraph the word “efficiency” 
is uxcd to indicate the tendency of the gas to remain 
close to the ground and not to diffuse! upward. II; is 
to be n&d, however, that if the gas settles to the 
ground in a thin layer, a person may be uhln to t,ake 
stops to avoid the high dosagns of the gas; for ex- 
ample, he may 1~ able to &and or to hold his canister 
above the gas cloud. In this case, the efficiency (as 
r~scd above) is not, an indication of the true cffcctive- 
ncss against personnel. 

The temperature gradient for the gas clouds was 
dotermined over various heights, but the interval of 
1 to 6 m appears to give the most satisfactory corre- 
lation. Measurement of tcmpcrature at 0.1 m is sul+ 
ject to larger experimental errors because Of the 

KF 
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J?IGUHE 4. Corlcentration agxirst distancr: at 1 -foot, 
lcvcl . 

steeper gradient near the surface. In the same way, 
velocity ratios were obtained hctween various heights 
and there was some evidence that the ratio for 6 to 
1 m was more satisfactory than the gcncrally em- 
ployed ratio of 2 to 1 m. 

Values for the horizontal and vertical gustiness 
wcrc obtlained. In general, under inversion conditions 
hot,11 componeni)n -were small; there was no simple 
cr)rrtWion wit,h tlir: gas concent#rution. 

The variations of concentration wit,h distance arc 
shown in Figure 4 for scvcral R V~II~W at the l-ft 
level. AZ, a given wind velocity and source strength 
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tlrr: concentr,ztion depends upon some inverse powor 
of t,he distanw, and tIhi8 pownr is a function of R. 

(2) 

The theortkiwl Treatment, of tl~c: problem is riin- 
cuasetl I:ltc:r. 

Figure 5 shows t>hc: v:triat ion in conr~orrt,rnlion wit,h 
height,. JJnder high invwsion most of the gas lips close 
to thr: gro~md. Jn fwt,, in the highest, irlwwions 
stuclietl in Ibe 8,2crnmcxito Vttlley, tIhe staLli t)y was 
such t lr:.tt~ st8rexmlirm flow WM appro~~-lc:l~~l wit,h 
almost, no diffusion into higher levels. l.Jntlw lapse, 
evf.31 aI, 50 yd from tti(: source, the diffusion and tur- 
bul~nt:o arc 80 great, that the concentjrntiori gradient 
is small within th(: first, (i ft. 

+ 

f 

+ 

+ 

+ 

(3) 

0.050 0.100 

RICHARDSON’S NUMBER 

whw(: q is tlic: grxvity constants; y tlic: utliubatic lapse 
rate; 1’ 111~ absolute temperalurc:; and u the mean 

wind velo&y. A plot, of cwncentration against, the: 
Richrtrdeon numlwr, shown in Figure (i, gives no in- 
dic:ltion of any simple corrc:l:&on. 

16.2.3 P’orcsted Areas 

k::bch forked iwa ia R proM:m in itself, depentlirllr; 
upon t,hr: lir~i~llt of the vegetst,ion und it<s density 21, 
various Iwt:ls. A pine forest, wit,h a hcrtvy c,znopy of 
interlacing l,r:tnches and open (hru~ih free) sp:lc:c: 
below is qnitr> different, from :i t,ropical jungle with 
tIall trcen intrrtwined with vinr:l;: and t,hick frrrls 
covering tlrc: ground. 

Tlicw :w practically no data for line sourws in the 
tropiral jungle. JMa for tk typical pint: forest were 

ol)trtiried butI the proMcni was complic:&xl by the> 
cxistcnre of strong kal,tkntic winds at, nights. I%> 
following csperiments illustr:ttIe the c:loutl t,rltvd 

olwrved. 

-_r 
Type, wurcc, n,nrl strengtl 

Wind velocity 1.70 mph 

12 

Temperature cliffcmmc 

100 yd 

T,inr 0.25 Ib/rnin yd -- 
..- 

I 2 

0.9!) 

T,m - T . 0 I m r ‘ml - 1 T,,,, 
-1.8 to -2.4 -0.4 t,o -0.7 

(Inpsc) (hpse) 

neigh t> 
1 ft fi ft IO ft, 

0.02 0.02 0.03 
-~,- - .~. - 

EXPERIMEN,~ 2 
e-.L -- ..-- .- 
Type, source, and str&th 

.r_____ 
he 0.25 lh/min yd 

- .- .-- .._~. ~. _ 
Wind velocity, 1 .lO mph 1 2 

K 0.7B 

2’ ,m - To.,m T 2m - 2’,m 
0.15 (inversion) 0.75 (inversion) 

Height> 
I ft ti ft# IO ft, 



16.2.3 Beach Areas 

The behavior of gas WI a beach arca with a land 
breeze corresponds to that, of a gas on any otlwr land 
area with a similar wind. With a sea breeze, the be- 
havior for several hundred yards inland is modified 
by the! (:haract(>r of the wind. In gcn(:ral, since no 
marked la,pse or inversion cnndilions exist, over the 
ocean, the behavior tends toward nc:ut,ral conditions; 
however, considerable variation may be expected, 
tlq)r:ntling upon the air-mass stttbility. On the C:ali- 
fornia coast the sea breeze consists of warm air from 
the? Japanese current which has Iraveled over the 
cold coast, current. It, has been thus cooled near the 
surface: and has grtlat stability and low turhulonnc. 
Rather fragmentary tlat,a obtained in this region 
indicate that under dtcmoor~ lapse conditions, gas 
cloud travel in t,he sea brcoze is somewhat more 
eficient than under nc!ut,r:-Ll conditions with a land 
breeze. 

where X is the distance traveled by a particle in 
time T, and h’, is the same as defined in eqiration (4). 

Define the cornponctnt, velocities U, V, ‘10, and mean 
velocities d, fi, ‘lo, and II, = ?Z + u’, 2) = fi + 2)‘, 
‘u) = lu + w’, and considrr the instantaneous genera- 
Lion of matter at a point in space by takir& axes 
moving with the mean wind velocity ~j. ‘I’hc scattor- 
ing due to disturbances of mc:~u1 cmergy ,LL’“, ~‘2, and 
~7~ along the three axes after t>ime 7’ is 

_ Tt 
,FJ z!!r 2; r!!!r 2 11’2 

ss 
B,(,.) d&lt , (7) 

0 I, 

16.8 BKI’l’lSlT TITEORY OF CLOIJI) 
TKAVET, FROM LINE AND 

POJNT SOURCES 

The theory of cloud travel developed at, Porton 
describes t,he travel of gas clouds from point and line 
sources with consideralA: accuracy. It, is based upon 
sound theoretical reasoning and was supported by a 
fair amount, of experirnent,al data, especially under 
neutral atmospheric conditions. 

The basis of the theory is the assumption that the 
vertical c:tltly velocity Uft’, associnled with a mass of 
fluid at tirnt? t, is correlfttecl will1 Llic sut)sc:quc!nt, 
velocity u,‘+~ of thr! same mass at tirnc t + E, by a 
correlation coeffiaicnt K,. This coeficient is defined as 

(4) 

where x is a quantity inclepcntlcnt of time and iclenti- The general solutions obtained arc : 
fiotl with the kinematic viscosity of the medium and For conLinuous Point sour+ Q g pc:r set; X at 
YL is a tlimc~nsionless parameter givc:n I)y the velocity (2,2J,z) ; 5, downwind; y, across wind; Z, vc:rtical. 

and similar equations for y” and 22. Then, 

REM = 
x ?A 

( 4 x + U’2E 
and similar cquatioris for A&,, and ~‘2, ant1 K,(,, 

with 
4X” 7A12 I-v 

c = (I _ 7L) (2 _ 7L),p 3 0 
w 

and similar equations for Ci and C,“. 
Thcsc arc? the basic formulas in the simplest form. 

To apply, assume? C, independent of height. This is 
equivalent t,o rcgnrtling the lower at,mosphere as one 
in which 11~: mt-!an wind velocit,y and gust>iness com- 
ponents may bo regarded as indcpcntl& of height as 
fnr as such variations affect actual diffusion, but, the 
variation of wind with height is :tct,ually usotl to 
dotermine the vuluc of n. Tn other words, 11~: slow 
variat8ion of wind wit,h h+ht on this approxirnat,c: 
thc:ory is looked upon mc:rt:ly as an indicator of tllc: 
dcgrcc: of t,urhulence present. The method adopted is 
then Lo troc:k expressions for 1,110 density dist,ribution 
which satisfy equation (9) and the equation of con- 
tin&y. 

gradic!nt expression 

,&=& x 
0 

?I/(!! - n) 
9 

c”l . ~. 
where Q is the mean velocity al liciglit x. The param- 

I’cJr C~Jntinl~~JllS infinit,c! line source, Q g per se0 m. 

oter n varies between 0 :md I. It, has been shown 1,hat X= 
the scatt,er of a group of particles in a diffusing m:- 

_Q- exP [@(f)] * a”(~e7~~tn’12 (121 

diurn is given by In all cases ‘y11 = 2 - 0. If the source is at ground 

x” = 2 ZJ SS T ‘R&& , ((9 level, all concentrations must, be doubled to allow for 
0 0 ground reflection. 
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It, h:ls l,een the practice of the TSLish to measure? U 
LLt 2 m, rend to evaluate WA from frl dues; that, is, the 
ratio of fir ,nrtcJ?ll ,mctcr.it Also since the components 
of gust;inetis vrtry rollghly \vith 1c and 11, svc:r:tge val- 
ues for thcsc quantities art: c:rnployed. The: following 
tables give Qicse vaIuW8 

Tns~r: 1. (hntinnow point, sr~~wct! I lb per min rtp- 
proximate conccnti-ntion in rnE per Cu rn nn axis of cloud 
itt grnnnd Icvcl. 

-. - - ..-1_ 
&nditiorls for USC of gag U nfnvorable Moderate E’avorrkle 

Vnlue of R 1.05 1.13 1.25 
lndcx of X 1.85 1.74 1.60 
Wind velocity, mph 10 10 5 

- __.- -~ .- 
Jktnnce downwind, yd Gus noncentrdion 

100 2.2 14.0 150.0 
200 0.6 4.0 48.0 
501) 0.12 0.x.5 I I.0 

1,000 0.03 0.26 3.5 
---.~ 

For other vducs of Q, U, and II:, t,hc c:oncentrst,iorI 
is* b . 

1. Dirc!c:Lly prOpJrtiOrld t#o Q. 
2. Inversely proportJionttl to Q. 
3. Inversely proportional to z raised to the index 

ofX. C~r:qllical presentdon of tiat,n for various values 
of h’ ant1 u are given in Figures 7 and 8. 

Since & is dso rlcpenclent, upon roughness, oh- 
served values must luc? correctd to a standard cordi- 
Con. This is taken as :L dose-cut, grass surface, having 

n The recent trend has been to cvnlunte the parameter R 
from 01,her rrlct,coroltgiGIl,l f,zCt(.rrs without, reference tjo wind 
~pecd ratios. 

6 

Ill\ CURVE R U(Fi/ SEC (1) 1.30 4 
(21 I.25 5 
(3) 1.20 6 
14) I.15 6 
(5) I.10 IO 
(6) I.05 IO 

1000 2000 3000 
DISTANCE DOWNWIND (YARDS1 

E’rcunE 8. CnncentratBion From 8, conl,inuons line 
snurcc. British theory. 

TABLE 2. Continuous line source I II, per rnin yd 
concentretirm in mg per CII ni :d ground level. 

- :- -- 
(kmditions fur use of ~:ns IJrrf:tvoralk: Modcmt,c Favornbli 

Value of R 1.05 1.13 1.25 
Tndcx of X 0.93 0.87 0.80 
Wind velocity, mph 10 10 5 

--. - 
JJistanco downwind, yd Gas concentration 

100 130 320 1400 
200 65 170 800 
500 2x 76 380 

1 .ooo 14 41 210 

grass about, I in. long. To fird t,hc correction factor 
for Ltny given site (allow 50 ytl of represent,zt,ive ter- 
ruin upwintl), reading should be on a completely 
overcast, tlsy or night in ~1 steady wind, prefernhly of 
about, 10 fps (aboul 6 mph). The value over the 
standard surface shoidd then be 1. I5 If thr: ol~sc~ed 
value: due to roughness is greater, for ex:mqde 1.24, 
the correction fn&)r may be found from Tehle 3. 

TABLE 3. Correction factors in R for roughncsa. 

l.i.5 -- 
1.16 
1.17 
1.1x 
1.19 
I .20 
I .21 
1.22 
1.24 

0 
0.01 
0.03 
0.04 
0.06 
0.07 
0.08 
0.10 
0.13 

I .26 0.16 ..~ 

Fro+ t,his table t,he corrtdion here is 0. I3 and the: 
due to I-,(: used is I. I I. The correction is composd 
of two parLs: (I), a correction for additional tlr:q, in 
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R = 1.07 

iO0 500 1,000- 

100 100 100 
94 loo 100 
44 DO 100 
26 81 97 

0 29 51 

-- n = 1.14 

50 100 500 

100 100 100 
98 100 100 
55 x2 IO0 
33 59 100 

9 18 63 

R = 1.20 12 = 1.25 

A0 100 

B = 1.35 

50 100 
I 

L Yd -- 
x Y’rl 

50 100 100 100 100 lOI) 100 100 
100 100 100 100 100 100 100 100 
500 77 97 100 95 100 100 100 

1,000 53 87 9s 78 97 9.5 100 
5,000 16 30 55 27 49 44 75 

this example 0.09; and (2) a correction for int:rc>a.sed 
t,urhulcnc:c, in this (:RS(! 0.01. 

7%~ oq~lations give: (:orrc:c:rr1;~:Lt,ions for infinite time 
c-d emission and for infinitz width of line sources. To 
correct for finite time and length of linr so~~rc~~s, the 
following procctlurc is employed. 

1. To find the: concentration from a lint sourc(l 
continuous in t,irnc, but, finite in length, multiply the 
value: from the equation by the factor in TuMc 4 for 
t>lic: appropriutc: value! of R, X, arid L. Divide 1)~ 100. 

2. To find Ilie c:orrc:c:rrtration from a source whidi 
emits LA 3 uniform rule for a fide: time: (a) find the: 
initial length (yards) z, by multiplying the wind 
velocity by the time of emission; (1)) multiply t,hc 
value from the equation by the fact~or in TAle 5 for 
the appropriate values of R, x:, rend z. Multiply hy 
IOU. This rule applies only if x is greiiter t&r z. 

3. Vor both finite length and time ripply hr~t,h car- 
rections. 

TAULE 5. Finite time XOIII’CC. Mean (axial) concentr:p 
tiorl over central portion of the cloud nt s tlist:trm x 
l”mrn a s011rcc emitting for B finite time 1, expressed HA :L 
percentnge of the nxinl concentrrztIion from :I. correspond- 
ing contiuuous source. 

1 12 = 1.07 R = 1.14 n-= l.20 --1z=1YC 

2* yd 20 50 100 200 20 100 200 20 50 100 20 50 100 

x yd 
50 09 8X 100 100 8X 100 100 94 97 100 !JG 99 100 

100 4x 71 X8 100 7!) !Jf 100 89 96 97 93 97 99 
500 13 30 53 75 34 84 02 62 X5 93 77 91 05 

1,000 3 I7 33 56 22 71 85 43 73 87 82 85 92 
5,000 1 4 x 15 2 28 491332 552450 74 

-. 
Y-z = dihmw truvrlrd by Ens (luring tjimc nf cmi*fkw = aid vr:lor:it,y 

yd per wc multipli~rl by tinlr 0I mlistlivn (set). 

1.6.3.1 ‘l’he CZ as Conccntra tion Slide 
HUII? 

In or&r t>o permit t,hc rapit calculation of tori- 
cent&ion from given smrcc strengths under v:lrious 
conclit8ionx tmtl at various distances from equat,iorrs 
(I I) and (12), the Rritish clcvoloped a special slitlc 
ruin. 

The gas slide rule resembles ttn ordinary slide rule 
in that it, consists of throw! parts, the dock, :i slide, and 
u cursor. The pradut~t,ions or scales MY: its special 
fed we. 

The: stock cnrries two sjcdcs, mrtrked Scale A and 
Sde I). Scale A at the top gives concentrations in 
milligrnms per cubic: mctcr. Scale D At, the bottom 
shows rates of emission of gas, either in pounds per 
minut,c! (point) SDimc) or pounds per minute? per yard 
(lint source). The mixed metric and Brit,ish units are 
doptd in order to L~~IW: with the unils in gc!nc:ral 
use for alic~micnl warfare purposc!s. 

The rent,c:r slide, which is rut,hc!r wide, also car&s 
two scales on its face. Scale 73 is toward the right md 
indicates distance clownwind from the point nf crnin- 
sion (Learn discharge). Sde CJ is t,owards the left ant1 
is the wind vclocity at, :t height, of 2 m. These two 
scales extend across t,he whoh: width of the cent,cr 
slide, lacing in the form of c~~rvotl lines for Scale B ant1 
almost straight, lines for Scale C. The reverse side of 
the slide ctirric:s n further two st:al~, Kr and Cr, which 
we the corresponding scnles for :I lint: source (that is, 
t~rr:ric:h discharge). 

A Fcvcnth scale is engra.votl vertically on the: cursol 
and rofors to IX, the rf& of the wind vclocit,+y at a 
height of 2 m to that ut LL lic!ight, of 1 m. This sodc 
reds from I .05 at, the hottd)m to I .35 at the top. 

For dct,:dd description of tJlc! operation of the 
slide rule ant1 its application to various types of 
problems, rcf(:rcnce should 1)~ rn:~r.tle t,o the British 
m:lnunls. 

16.3.3 Application of British Theory 
‘to Bombs 

Table (i gives values of the conrent,r~&ns which 
were calculntJed from the! Hritish tlrc:ory for a single 
250~lb t,ail-ejection bomb for neutrd (1 S-mph mind) 
and inversion (5-mph wind). The general method of 
treating the problem is indicated in the discussion 
following the table. 

Concentrations nre at grmml level. For :i l)urst,er- 
type bomb, concen t&ions woi.dd vary from l/20 to 
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TABLX F. G:LS concentration from a sin& t,ail-ejection 
250-11~1 TX bomb charged CC. 

~. .- 
Mean ground 

L)i&rrce axial cone Mcsn Rround Width Time 
rrorn Peak during cone ovel of of 

burst cone pfl.Wage entire cloud cloud pnssuge 
Yd mg/cu nl mg/cu m mg/cu nl Yd SW 

-“-- ,- 
For K = 1.15; 15 mph wind 

75 *..* . ..* 20,OOOt 25 29 
50 . ..* * 

100 5,800 4,Hii 
10,000t 30 30 

3,&00 37 31 
200 2,200 1,700 1,200 50 34 
500 500 330 230 90 42 

1,000 150 95 GO 145 53 
2,000 30 20 12 250 74 

I, _"_. - 
For Ii! = 1.25; 5.5 mph wind 

75 . ..* . ..* sz,ooot 22 3G 
50 * * 

100 2~,000 20,&i 
35,OOOt 24 37 
18,000 27 38 

200 13,000 10,000 8,900 33 40 
500 8,500 6,300 3,300 46 45 

1,000 1,500 950 670 GB 52 
2,000 450 270 180 100 65 

-- “. ---- 
* Not estimntrd nt. short rit~yes. 
t Very arwwximute. 

l/4 of those given, depending on range. Vigurcw given 
arc for open-type country. Thr? time of emission is 
taken as 20 see. It is assumed that 130 It) of CG is 
mined down onto an arca 40 yd downwind by 20 ytl 
crosswind, from which it, evaporates in 20 sec. The 
area source is treated 8s u line source across the 
c:cnt,er, emitting at the rntc of 20 lb per min yd. Cal- 
culations arc made by use of the conccntrution slide 
1.IIlP. 

To dotormine mean axial concentration at given 
distanno from source, such as a bomb or shell which 
has a short time of ernixxion : 

1. IE Q is source strength per unit time, t,hut is, gas 
nontcnt divided by the time of emission t, and T t,he 
timt: of passage of the cloud, 

‘YrLt’arh mid coacentration = 

Concmtration from cmtiaz~oua point sozcrce of strength CJ ..” 
T 

The tirnc T of passage of a cloud may be calculated 
by finding the widtJh of the point, source cloud at, the 
given distance, dividing by t,hc: wind velocity, and 
adding t the time of emission. 

The xssumctl time of emission t for a Livens drum 
and for a 250-11) LC bomb is 30 set, for a volatile 
nonpersistent, gas. 

2. If the dimensions of the puff of gas from a single 
weapon are known, the concentration can be deter- 
mined by assuming that, the cloud is identical with 

that part of the cloud from a continuous point source 
at a di&nce from its origin where the width is equal 
to the width of the: puff. The concentration then de- 
creases with t,he tlist,ancc in accordance with the 
usual curves for a continuous point source. 

3. Approximately, the width of a puff is one-half 
that of a cloud from a continuous point source, and 
its length equal to its width. Thr length of a cloud 
from a finite point, source is obt,aincd by taking the 
width (or length) of a puff and arltlin~ the initial 
dimension, that, is, the product, of wind v&city and 
clurat,ion of cmissinn. From this value the time of 
passage of the cloud cm also be found. 

Dugway Proving Ground gave the following com- 
parison of observed bomb data with the British 
t,hc:ory. 

Jhgway: l,OOO-lb CG; lapse; R < 1.1; Wind < 1 ft per set 
TXstancc, yd CL observed Ct calculutcd 

40 2,380 2,200 
80 1,180 1,300 

120 304 810 

T:trghcc Forest; 1,000~lb CC; inversion; wind, 2.25 ft NC 
LKstnnce, yd Ct observed Ct calculated 

50 9,800 1,200 
100 3,710 700 
15d 499 500 
200 297 400 

While the agreement, is very good in the open under 
lapse condit,ions, quite Che rcvcrse is true for inversion 
conditions in a forest. 

16.3.3 Discussion of British Theory 

The agreement, between calculated and observed 
coriccnt~rations is excellent for mode&c source 
strcrq$hs, espc&tlly under neutral and small inver- 
sion conditions. Because of the assumption that, the 
velocity gradient, is negligible in the diffusion process 
itself, there is considerable divergence bot,ween calcu- 
lated and ohserved values when R is above 1.45, hut 

this is not serious since these conditions arc seldom 
encount,c:red. IIowevcr, the application of the theory 
to clouds produced by large aerial bombs int,roduced 
serious difficulties. These arose: because t,hc theory 
ncglccted gravity effects and in t.he case of large 
a&ial bombs t,hc heavy clouds tended to flatten or 
“pancake” t,o a very pronounced extent,. The weight 
of the clouds was due in part, to the fact that the: 
molecular weight of most, of the agent,s was greator 
than the average molecular weight of air, and in part 
to t,hc greater density arising from the cooling pro- 



tluc:cd by t,he rapid evaporation of a Iargcl quantity of 
liquid. This effect also greatly enhant:c:tl the: stability 
of the grormd layer. It could be said that ttic large 
gas bomb t,ended to create it,s own rnet~orological 
conditions, and these predominated over the: first, 
hrmdred yards or more of the cloud travel. 

In addition to the unsatisfactory handling of the 
large bomb problem, the original BriLish a,pproac:h had 
certain practical difficulties. For ~xamplc, the! exact 
measurement of the wind velocity gradienl is tlifi- 
cult, especially at< velocities below 1 mph, since: in t,his 
range none of the common cup-type aneniornatcrs 
are accurat)c:. In addition, with katabatic or gravity 
winds, which generally occur at, night on hillsides, the 
ground air velocily may bc cvcn larger t,han the 
velocity at, higher levels, thc:rc:Ly giving Ii values less 
than unity, which arc tlificult~ to correlate. Also the 
corrections for tlic: roughnc!ss of the surface, 111~2, is 
vqctation, are large and arc often impossible to make 
accuraLtc:ly. Inside a forest, or jungle both the tem- 
pc:rat,urr gradient and the velocity gradient are gener- 
ally small, and show little variation with lapse and 
inversion, although t,here may be consitlnrable vnria- 
tion in cloud travel under the two conditions. Finally, 
t,he efficient use of t tie relatively complicatctl Rritish 
manual requires an ext,ensive training program. In 
the rapid development of an army from civilian per- 
sonnel, which occurred in t,he Arncrican Army in 
World War II, such a training program would havr 
been very dificult. 

16.1, C~I,c)Ul)S FROM CW BOMBS 

16.4.l. Gravity E Nects 

Upon impact, the explosive Inrr:c of the burster 
causes the liquid tilling of a nonpcrsistcnt agent t,o be 
dispersed as small droplets. Most, of Lhc~sc vaporize in 
the: air, but a small amount, of the liquid rcac:hc:s t>he 
ground and under tempcratc: condit,ions vaporizes 
immediately. The normal c:rat,or loss is very small 
witdl CG or CK but, in the (:a~(: of AC, an apprc:c:i:lld~? 
amount of liquid remains in and around the crater. 

The concentration of’ gas in the initial cloud varies 
from I 5 to 50 mg per 1 or higher, dcpc:ntling upon the 
size of the bomb, the weight of burstcr, and t,he thick- 
ness of the bomb case. If the weight, of agent, CX for 
example, is 20 mg per 1, the incrcasc: in tlensit,y of the: 
air is about, PI mg per 1, taking int,o account tha r&b- 
tive molecular weights of phosgcnc:, 98, and air, 28.8. 
The heat of vaporization of CC: is 60 cal per g, or I .2 
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(:a1 for 20 mg. The specific: heat, of air is 0.3 cal per 1. 
Hence the vaporization of 20 mg per I would produce 
a cooling of about, I. C. If the initial tempcraturc WOI’I! 
20 C where air has a density of 1.2046 g per 1, the 
final ternperatrlro would bc 16 C, with a density of 
the: air of 1.2213 g per 1. This represents a gain of 
about 17 mg per 1 in weight, neglerling t,hc: heat 
liberated by Lho explosion (if the bomb. 

Thus, the air in the gas c:loud is heavier by 14 mg 
per 1 because of the greater molecular weight of the 
phosgenc and 1)~ 17 mg per 1 because of the cooling 
effect. In other words, the two effects are approxi- 
mutely the same for CC:. For CK the two effect,s are 
also of the same order of magnitude, but, for AC the 
molecular weight, is about qua1 to that of air and t,hc 
incrcasecl weight of the cloud is duo to the cooling 
effect alone. 

The heavier gtts aloud tends to fall or pancake 
unclcr the force of gravity and the rate of fall is pro- 
portional to the scl~~:irt! root of the cliffercnacin tlr:11- 
sity and to the squurc: root of the initial height of the 

I I I I I I 

4000 LB (STATIC) 

2000 LB t-2 (DROP) 

IO00 LB M-79WROI 

I I I I I 1 
IO 20 30 40 50 60 

TIME IN SECONDS 

Figure> I) 7 illust,ratJcs the increase in diameter of the 
clor~l in the firsL 60 NC: aftor the burst due to the pan- 
cake cffcct,. Figure 10, from the same report, gives a 
comparison of ttic concentration of gas and tcmpcra- 
t11rt: of t11c: c:loutl. 

1‘1~: initial height, of the cloud depends to somtl 
c:xt,c:nt upon the! hartlnc!sa of the ground; with very 
soft, ground the bomb tends to bury itself and the 
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TIME mohi ~JRST IN MIFLUTES 

gas cloud is shot upward to a greater height. In the 
open, the final height, of the cloud ix usrlully around 
10 ft, but, with low wind velocit,y and high inversion 
it may drop to as low as 2 ft. 

The gravit,y effect in heavy jungle was studied by 
the San Jose Project on the I ,OOO-lb 11179 bomb.” The 
following conclusions can 1~: drawn. 

1. The burst cloud radius, with either CX or CK 
and static burst, is bct,wc:cn 35 and 55 ft, (average 
atm1t, 50 ft). 

2. The pancake aloud radius of the bomb is be- 
tween 80 and IO0 ft,. The time required for the gas to 
reach this distnncr: is approximately 30 sec. 

3. Sixty seconds after the burst, at, a radius of 90 
ft, most (8070) of the cloud was below the IS-in. 
level. 

On the basis of mat,hcmatic:til theory 24 the gravity 
spread of heavy gas clouds has been discussed. 

The crluntion of m&on of the cloud along the 
ground in the initial stages wlicrr: friction may be 
neglected is 

c ))fi x6 - $4 
dt 

d I. +% +$ 
(13) 

where b is the initial radius; p the radius at time t; 
x = p/b; u the initial height ; and K is given by an 
expression involving the densit,y of the: cloud and the 
surrounding air p1 and pz, respectively, and of the 
accelerst,ion of gravit,y g, B= v 1*57 (PI - Pd. IGp, Id (14) 

Neglecting friction, the t,erminal velocity would be 

For the slowing-down process, it is assumrd that 
the: frictional conversion of kinetic energy inLo heat, is 
q)proximated by t,hc! case of flow betwcon two par- 

allcl plates, 

$ = fi (&- (f/2) (hlO)X~ 

where! f is the dimensionless friction fact,or. P’rom 
these cqualions calculations have been made giving 
the gravity spread which arc in reasonable agrcloment 
wirlth experimental observations. 

lindcr inversion conditions and at, low wind veloc- 
ities t,lir: effect of gravity flow is very pronounced in 
large: clouds even :tft,cr the initial pancake effect. 
This is especially true in heavy forests. This point is 
discussed l7 and on t,he basis of data obtained on the 
Sun Jo& Project, the conclusion was drawn that, “a 
slope of ci tlegrccs is sufficiently steep to cause the 
gravit,ational force of the relat,ivcly dense cloud rc- 
l~scd from a sir& l,OOO-lb M79 bomb of C K or 
CX to predominate over a 0..5-to 0.7-mph wind in 
determining the movement of the cloud during its 
early stages in this jungle.” As a consequence clouds 
under thcst: conditions tend to follow the natural 
course of the watershed and dosages are extremely 
high along stream bc:ds. 

16.5 DATA. ON CLOUDS FROM 
SINGLF BOMBS 

16.5.1 Open Terrain 

Dugway has st~utli~:d the behavior of the 1,000-lb 
M79 T2 bomb in a large number of single shoots. 
Unforturlutcly the experiments were not plamled to 
cover all ranges of wind speed and stability and in 
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some (:as~s t,he sampling data were errattic. However, 
approximal.o values can be given for t,he behavior of 
clouds from thcso bombs and thcxt: data are sun- 
marised in Tnbl~: 7. At, a wind speed of I. mph the: 

TABLE 7. lhtn 6n l,OOO-lb bombs charged npproxi- 
rnatcly 410 lb CG.* 

L- ..~. 
Area, C1 = 1, in artillery aqunres per bomb 

Wind sped, mph 1 2 4 8 
Strong inversion 21 10 4.5 
Moderate inversion 16 7 3 ii 
Ncu trul 11 5 2 0.9 
Lnpse 3 1.8 1.5 0.9 

Arca, C1 = 3, in artillery squaws per bomb 
Wind speed, mph 1 2 4 x 
Strong invemion 14 6 2.9 . 
Modcrate inversion 10 4.5 2.0 
Neutral 6 3 1.5 A.7 

l,:tQSe 2 1.5 1.0 0.6 
~ I_ _~ 

Area, CV = 30, in artillery squares per bomb 
Wind speed, mph I 2 4 
Strong inversion 1.5 0.8 0.3 
Moderate inversion 1.0 0.4 
Neutral 0.5 0.2 ::: 
La,psc 0.3 0.1 . . . 

-- - 
Maximum Ct on axis of cloud 

Wind speed, mph 1 2 4 x 
Strong inversion 120 60 30 . 
Moderate inversion 100 50 25 8 
Ncut~rd 70 3a 12 r 
Lapse 60 30 10 i 

,I I. 
* Values for 18&b hi&t. 

arcn covered by (Ct = 3) varies from ;about 16 artil- 
lery squares (I li X IO4 sq yd) for high inversion to 2 
artillery squares for lapse. AL low wind speeds the: 
artla under inversion conditions decreases invcrscly 
proportionally to the spr:c:tl to t,he first, power bul at 
hi&r velocities the decrcuxc corresponds to a power 
between 1 and 2. The length of the (Ct = 3) area 
under inversion conditions may be 500 to 600 yd. At 
a distance 100 yd from t,tie source, the width is about, 
100 yd at low wind speeds, and increases to about, 
200 to 300 yd downwind Lo give: an egg-shaped arca. 
With high winds the width is sornowhat, less. Under 
lapse with low wind t,he cloud tends to rise wit,h very 
little spread. Higher wind .spcctls break down the 
lnpsc: conditions and this opcrutcs to hold the cloud 
down t,o ~hc ground and increase the donage area, and 
thus oonnt,r:rat:t,s t,he effect of thr: xhorter t,ime of 
passage. For this reason t,he area covcrctl hy (Ct = 3) 
does not. change so much with wind spc~:tl under lapse 
as it does untL?r inversion. These &cots are illus- 
trated in Figurt? 1 I. 

HIGH INVERSION WIND 4 MPH 

t 
100 YDS 

HIGH INVERSION WIND I MPH 

(%3, 30 
5 t-3 I 

3 
L3’ 

LAPSE WIND I MPH LAPSE WIND 4 MPH 

Frcunw 1 1. Areas for sin&! l,OOO-lb bombs chrwgcd CG. 

For low wind spc~c~is the areas covered by various 
(3 values arc roughly proportional t,o the square root 
of the Cf values. This relationship obviously breaks 
down for grcatcr wind speeds, as the: t,ime factor be- 
(homes so small that the product, CL never aMains the 
higher values. 

The concentrat,ion of gas in the initial cloud is in- 
tlcpendent of meteorological conditions, so tSha,h at, 
winds of 1 mph it, might bc cxpccted that the Ct of tjhc: 
impact, area woulcl be constant, for lapse and invw- 
sion. Howover, under inversion t,hc! cloud sinks to H 
lower love1 and the actual c:onwntration is probably 
about, twice that obtained undw lapse condition. 

Fxpcrimt:ntjs on other fillings t)c:sitles CG include 
C:K and AC. In gc:neral the CL v:~luc:s are propor- 
tional to the weight, of agents per bornI,. l’or CR the 
results arc about, equivalent, to CX. For most of the 
shoots the weight, of CX was 360 lb per bomb as 
compared to 40B t,o 430 lb for the CC: ; this difference 
in weight was not rcflc:c:t,ed in the Ct arcas obtained. 
For AC: the filling mas 215 t,o 240 lb per bomb, and the 
arca for (Ct = 3) was about, half that obtained with 
the same bomb charged CX under similar conditions. 

16.5.2 Results on 500-Lb Bombs 

The: tlat,a on SW-lb bombs are not very complete 
since the ratliw Iwief field expariments have been 
carried out on various bomb typr:s w&h widely vary- 
ing weights of charge. The results seem to indicate 
that, per huntlrcd pounds of agent,, the areas for low 
values of Ct arc sli&tJy great,er for the smaller bombs, 
but that the arcas for large values of Ct are less. 
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16.5.3 Results on 2,000- and 4,000-X,b 
Bombs 

The experiment on one 2,000-lb 1‘2 bomb charged 
822 lb of cc: gave an arw coverod by (ct = 3) of I5 
arlillergr squares under high invc:rsion and wind speed 
of 2 mph. The corresponding vnlue for a 1,000-lb 
bomb char@ 410 II, of CC: from Table 7 is 7 artillery 
squares. Thus the areas appear to bc proport,ionnl to 
the weight, of charge. The same is true for areas of 
(Cl = 3) for the 1,000-lb bomb M5C chargr:tl 2,341 lb 
of CC:. Thus under neutral conditions and 4.6 mph 
t>he observed area was 9.4 artillery squares, which 
may be compared with the value of 1.5 from Table 7. 
However, the maximum Ct values obscrvcd were con- 
siderably higher than the values for l,OOO-lb bombs. 
For a 2,OWlb bomb with wind speed 1.9 mph and 
nelltral conditions the maximum Ct recorded was 48. 
The corresponding value for the l,OOO-lb bornI> is 
about, 35. A 4,000-lb bomb, lapse contlit~ions and wind 
11.4 mph, gave a maximum of 43. IJnder the same 
conditions a 1,000-lb bomb would probably give a 
maximum Ct of about, 2. 

16.5.C Multiple Shoots - Bombs in Line 

The Dugway reports give data on two field espcri- 
monts wit,11 six l,OOO-lb bombs charged CG. The 
bombs men: placed at 100-yr-1 intervals crosswind and 
fired statically. The: following comparison gives the 
ohserved arcas for various Ct-vltl:les and six times the 
vahle for :.b single bomb unclcr similar conditions. The 
meteorological conditlions were high inversion wit,h 
wind spcrd 2.S mph. Areas are in artillery squares. 

It is ohserved Ihat tlic reinforcement given by tlic> 
merging of the clouds tends to increase the areas of 
low f!t valwx by a factor of 2 or 3. Little reinforce- 
ment, occurs over t,hc t!arget :~t’ea ant1 the maximum 
C:,‘l remains approximat,c:ly the v::Ale for ::b single bomb. 
Under lapse condXons the dist~tnce of cloud travel 
decreases and the diminished affect, of Ihe reinforce- 
ment, tends to make the total Cl arcas mart? nearly 
the val(Le for six single bombs. 

lh.S.5 Multiple Bombs (her Area 

Dugway carrictl out (j shoot,s using in ear:11 11 to 
4 1 of Lhe l,OOO-11) hubs on arca target,s. IJnfortu- 
natoly, none of t,tic! experiments was under high in- 
version contlit,ions. Table 8 summarizes tllr results 
on three of tticsc trials. 

These results indicate that for (CA? = I) and 
((2 = 3) the mult,iplc shoots untlcr lapse or ncrxtral 
conditions gave about the samt: area per IO0 lb of 
agent as observd for single bombs. For low inversion 
the eficiency was about, 2 or 3 times that, of a single 

bomb tluc: t;n the rc:inlorcemc:nL of t,hc: cloud from one 
bomb by adjacent, clouds. In the I-l-bomb shoot a 
large arca was covc:red by (Ct = 50) which is :t greatel 
dosage than could have been obt,aincd from LL single 
bomb under these conditions. E’igure 12 gives the Cl 
contour map obtained for l-his stiooL 

16.5.6 Variation of Dosage with Height 

From t,tlc! previous tliscussion of gravity effect,s in 
rlouds from large bombs, it follows that, t,hc: pan- 
caking of a cloud under inversion conditions and low 
mind results in large conr:entrat,ion gradiont~s. For 
good inversion, Dugway states ‘[the dosngc: at 5 fec:t, 
is onlv about, 30-40 per cent of t,hc: dosage at. 18 inctic:s 
as cletcrmined as the average of a large number of 
measurcment>s. Under ncu trnl conditions this per- 
centagc is between 50 and 75 while under lapse it, is 
still higher.” Downwind dosages aLt 18 in. and 5 ft, 
become nearly identical under all conditions. 
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‘: TABLE 8. Summn.ry of Dugway results on RrC:t tJnrpcls with l,ON-lb bombs. 
-.- -. -. .- _~ _ ~ -. ~ ~-.. 

Arca covered by vkous dosn,gos Ct rtt 1X in., irl AWXge 

Wt of Wind Area ct over 
No. of agent, xpccd, R Tm- ~ 

artillery squares 
~I of impact 

hornbs lb mph To., m 1 3 5 10 30 50 impac(. area --.-_ - --.. .._~. -- “_~_._.~ -- .._- 
12 6,13rr 2 1.45 +1.4”(T) B4 53 43 29 11 4 12 37 
12 5,148 4.8 1.2 -l.O(T,) 40 2ti 20 15 2.3 <1 12 18 
41 17,lB3 3.3 1.4 - 1.7 NtoT >332 >2fiti* >21B 1.56 28 14 I fj for t 40 

32 homhs ," ~. 

.L6.5.7 Surprise Areas 

In view of the import8ancc: which has been att,ached 
to the use of nonpersistent, gases as surprisr: ag;i?nts, 
Dugway has discussed this subject with respect, to 
two concepts: (1) a dosage of 5 mg mirr pc?r 1 estab- 
lisl& in 30 set, and (2) :I. dosage of 3 mg min per 1 in 
2 min. Wioir result)s arc summarized in Table 9. 

TABLE 9. Rurprise :trem for lnrgc bombs. 
--. 
1. ThirtyUsccond a&aYse arcs at low winds (Ct = 5 rng 

min/l in 30 see) 
_--, 

Bomb, lb 
- “. 

Arc+ artillery square 
500 0.2 

1,000 0.3 
2,000 0.5 
4,000 1.0 

2. Two-minut,e surprise xrcn (CL = 3 mg min/l iu 2 min) 
- 

Ares, ..l)ownwind Crosswind 
Bomb, Wind, nrtillcry distance, distance, 

11, mph square Yd Yd 
500 <1 0.G 90 90 

1,000 <l 1.0 110 110 
1,000 3 0.7 125 GO 
2,000 -=Cl 1.8 150 150 
2,000 I I.0 1.X 240 100 
4,000 <l 4.9 260 250 
4,000 -_ 11.0 4.5 3so 120 ".- 

SufMtl rnport,ed 30-SW surprise arcas (CL = 3.2) for 
a 1,000-lb bomb (charged 2, I80 lb CC.;) of I .O and 1.35 
artillery squares for wind speeds of 5 and 10 mph, 
respectively. 

16.5.8 Munition Requireruents - .Homhs, 
Open Terrain 

In order to slalc bomb requirements it is necessary 
to specify t,he objectives to 1~: at,tained. In addit,ion 

to tl~ objectives of surprise given above, t,he follow- 
ing tactical uses have received goneral consideration. 

1. Masking [Ma]; troops foractl to mask to escape 
injury (Ct = 1 mg min per 1 for (:X and GK and 0.5 
for AC:). In general, t,roops would mask at, a 1owc1 

dosage, butI this tlosage requires enemy personnel to 
mask to avoid disablement. 

2. CLsualty producing among unprotected per- 
sonnel CC,]; this depends on the lethal dosage I) 
which for CC.; was chosen M a Ct = 3; for CK, 
CL = 0; and for AC>, Ct = 2. ‘1’1~ area covered by this 
dosage is called the lothal area. (These dosage values 
were c:hosc?n during the early slngc!s of the war from 
the besl experimental data available at, that hime. It, 
is to bc noted that tllcy do not agrc~? with the vnlut~s 
adopted in I944 by tlic: U. S. -U. K-CJanntlian corri- 
mitt,ee: for W, Cl = 3.2; for Cl<, (It = 1 I ; for AC:, 
ct = 5.) 

3. Casually producing among imperfectly pro- 
tccted troops [CJ (considcrctl as 10 tirncx thr: Ictlial 
dosage) ; this dosage will cause casualties among 
troops with a lO(z mask leakage. In cornb:~C this 
leakagr: may occur (?ven with wr:ll disciplined troops 
because of the tlificulty in obtaining tight-fitting 
facepieccs and becuusc: of valve leakage or defects 
due lo manufacture or subsequent damage. 

4,. Casrlalt,y producing among protc:ct,c:tl troops 
[C,] (Cl = 200 for Cl<). Gmister pcnotration; this 
dosage will penetrate tllc present cncrny canisters 
with CK, provided tllc: t,ime of required wearing of 
mask is 11~ or more. Canister penetra&n is probably 
not, feasible for CC:. A dosagr: of Ct = 200 will also 
oausc casualties, if not fat,alitics, with all gases on 
troops with a 1 to 3’x mask leakngc:. 

The munitions required to at&n these objectives, 
t,hat is, Ct values of 1, 3, 30, and 200 for Cc’, and C:K, 
may be cleduoc~i from tlic: experimental tla.ta pre- 
scnted above (at, least to a fair approximation) al- 

h Although the dosn~e ncccssary to product. :L casualty varies 
with time, the vsriation of the value of the lethal CL in a time 
greater than 1 min and letis than the time of pnssngr: of H grad 
cloud in t.hc open is not great, cr~~~gh to affcot apprecinhly the 
ammunitinn requirements. In the woods, cvcn though the 
time of pnssrzgr of t,he cloud is cnnsidernbly longer, the re- 
quircmcntti will not ba npprcciably altrrcd, aince they do not 
change rapidly :tti the time increases. 
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though more cq)critnents wit,11 nulltIiple shoot,s untlcr 
invnrsion conditions would have been desirnblo. 

16.5.9 Uni form Distribution 

T>ugw:ty gave tllr values listed in Table 10 for the 
1 ,WO-11) bomb requircrnent. 

TABLE IO. Ammunition expenditures uniform coverage 
for open trrrnin (bombs per 100 art.illcry squares); 
l,OOO-lb M79 bombs filled <:G or C:T<.* 
~ ~.. Wm. -.- 

Ct =. 3 
~ --- 

-- ‘- Wind Cl = a0 t 
mph Inversion Neutral Lapse Inversion Neutral Lapsc 

-., 
2 30 50 1.70 1 IO IS0 600 
4 50 70 150 I !)O 280 700 
8 160 200 220 560 700 1,100 

-... 
* lb AC. mdt,iply by 1.5. 

The rcq~tirementx given in Table 10 are very high 
and it, is obvious t,h:l.t, a uniform covcra,ge of a tar& 
area is quit,c inetYicic:nL Thus the 41-bomb shoot, at 
Dugway gave a (Ct = 3) area of at least, 350 artillery 
sc~uart:s compared wilh the XI-bomb for 100 sqIl:tr’es 
given in the table. Thus to attain the requirctl dosage 

over that target, arc:3 $ large additional areas downwind 
will 1)~ cover4 t)y dosagt>F almost as Iargc fts t,hose 
ov(:r the target. The valuas in Table 10 c:ould be cut, 
in about halt’ if two-thirds of the bombs were distrih- 
ut4 over the upwind half of the target. A uniform 
distribution is also open t,o the ohjcct~ion t,hat in 

actual appli&ion any nonuniformitJy in Ihe distri- 
but,ion, especially along the upwind edge, result,s in 
dosages in t,hat area which am t&w t,hr! dosired 
value. The~(: statements apply in part,icular to non- 
pc:rsist,en t, gas clouds ant1 not to the: persistent agents. 

For other bomb sizes the tigurcs in Tablo 10 may 
bc multiplied by the appropriate factor to give an 
cxluivalent weight of rtgen t. 

16.5.1.0 Expenditures for Line and 
Upwind Distribution in the Open c 

The following is quof~d from the Dugway Report, 
No. 1K7 

E’or 1 hc purpose of obtairring t,he acl~lal vnlura 1,o bc used, 
(,he results of the field expcrimente hnvc been ana,lyzerl in Ohc 
followir1g IIIHIlIlCI’. 

” The reported results of bombing JnissionH in World War IT 
dernonst,rated t,hc imposl;ihilit,y of puttinK bombs down in an 
orderly pat,t,crn on t,he target. Vrrr mutual protection the 

under various conditions, t,hc xrens covered by x given dosngc 
at IS inches jn t,he field experiments were plot,t,cd on a per 
bomb basis against, the wind Hpeed in scvcral different ways 
(chiefly A.S log-log plots). From t,hc curves for inversion, ncnt,r,zl, 
and lnp~e condit,ions t,hc variation oC area wil,h wind speed 
could be dclerrnincd, nnd the areas covcrcd per bomb under 
inversion, ncut,ml, nrrd lapse conditions for wind speeds a&t 
2,4, and 8 mph could be obtaiincd. In cnlculating the number 
of bombti required for an arca of 100 &illery squo,rcs, t>he moAt 
weighI was given to the areas obc;crved in t>he larger scale tests. 

The dimensions of the experimcnt~nlly measured CL Rreas 
wore used tn determine the meximum nllowal.)le spacings for 
Ihe bombs. The overlapping of n,rons of low dosage: (frnm 
nearby bombs) t,o form nn area of higher dosage haa been 
taker1 into considcmtion. 

CIA was also employed On determine t,he requirements for 
t)hr highest, dosages, and wherever possible t,he values were 
checked by extre,pnlnt,ion from lower dosages. Plrrl,s of the 
variation of (XA per 100 pounds of agent wilh wind speed 
were mxdr for inversion, ncl~t,ral, and lapse sn t,hat the values 
of fL4 corresponding to the corldi Lions given in t,he t,ahle cnnld 
be obtained. TTnwcver, it is ia be noted thd, the CtA values 
per 100 pnuiids nf figeM (or :uca for a given dnaage) cannot 
be used dircct,ly for the present, calculations, since additional 
bombs will be needed t,n cnmpen&e for t,he portion of t,he 
total f?tA (or area) which will be lost, outside the 100 artillery 
square area. For t,he woods, an addit8ional number of bombs 
above thal~ calculated by f?A will be r~eccss:~,y t,o take c,arc 
of the fraction of C1A lnst, in building up dosages above 
Ct = 200. For areas larger than 100 xi-t>illet’y squares find 
dosnp;rs higher than 200, 01csr: corrections will become less 
iJrlporbrlL 

The ammunition expenditures obtained in the 
manner described above are shown in Table 11. 

C~OMMPWW cm THR: IJss OF TAHLE 11 

1.. The rtquirementJs in ‘Mde I. 1 are based 011 the 
llse of an at,t:tck area obtained by r:ircumscrihing the 
tlesignatod target, wilh a straight-edged figure ap- 
prosimatcly 50 yd larger in every direction than the 
target, arca. If the upwind edge of the target area is 
hour&l by water or other natural obntacles which 
prevent, droppirq of botnbs on this part, of the attack 
area, it is assumcd t,hnt the bombs for this area will 
be dropped along the upwind edge of tlic: target arca. 

plants flew in definite patterns; generally the bombs were re- 
leased upon signal from the lend plane; bombings were usually 
made from high :tlt,it,udes. h’or all of these rcas0n8, the pattern 
of t,he imp:tct,s WRS essentially random. This is why the Proj- 
cct, C>oordinat,inn Staff adnpted for t,heir own use the random 
distribution method developed hy two Jncrnbers of Division 
10, NDRC:. In World War TT R,cceptancr of such randomness 
of impact WHS tl much more re:tlistlic npprortch than the USI! 
of nny planned p:ttlcm on the t,srget. However, this ear1.y 
work from Dugway is recorded here, since it, may bc that 
developments and changes it) n,ttack will some day permit 
phcing bombs at8 predet,erminerl pointa. In such event, these 
cnnsiderations should 1~ nf value in planning attacks. 
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TABLE Il. Ammunit,ion rcqnir~mcnl,s for M79 bombs filled (‘G and Cli. Open terrain. Hombs per 100 a,rt,illcry sq~nres. 
.-- 

Tnvcrsion 

Wind, mph 2 4 8 

No. of bombs I1 20 64 
Cf = 1 MRX crnsxwind spacing, yd 150 125 75 

No. of homhs lfi 30 96 
Ct = 3 Mr~x crnsswind spn.cing, yd 125 90 00 

No. of hrnbs 54 130 440 
Cf = 30 Max crosswind spacinp, yd 50 40 30 
_ . 
Ct = 200 No. of homhs 3rrn iOi 2,700 

= 
Nentrd 

27 50 140 110 120 I Ilo 
125 90 00 100 75 50 

110 220 640 
50 40 30 

550 1,100 3,200 Prohihi tivr: 

600 700 1,100 
45 3s ‘ 2 5 

2. The size of the attack area is measured in artil- 
Icry squares and the requirement for a given ar(:a is 
computc:tl from the! tablo by comparison wit,11 that for 
100 arMcry st4uart:s. In the: opq for ol)jc(:tivcs M, 
and C,,, the: tJal)ular rquirc!mc!nt,s (per srt,ill(:ryst4ua~e) 
XI: satisfactory for areas larger than IO :Irtill(?r,y 
xquarcs. For smaller targets, the requiremcnt~a per 
:trt.illcry square will be approximately tlou hlc thr: 
vulucs given in the! tahlea, with :L minimum of 1 bomb 
per artillery sqrrarc: for arca in the nciglll~orhood of 
2 arlillcry st41rarc:s. For objcc:tivc:s C1 and C, the re- 
quirements for areas Icss tIhan 50 artillery squares can 
be obtained by multiplying the tabular values (per 
artillery square) by a factor of 2 for areas near IO 
artillery squares, and by 1.5 for areas near 30 art,illery 
squares. An alternu tive method for the calculation of 
requirements for small targctw is by the use of the 
values for uniform coverage given in Table IO. 

3. For open tIerrain at wind speeds greater than 
X mph the requirements become large, but, they may 
be estimated by extrapolation from the t8abulai 
values. Above 10 mph the atmosphere tends toward 
neutral conditions at all times. 

4. The t,ype of distribution is tletermincd from the 
nature of the target and the meteorological condi- 
tions. For open terrain, if the wind direction is known, 
the expenditures for the following types of bomb 
tlistrihution may he ohtxinetl from Table 11. 

ti. IJim! tlist,ribution. For line covcrago all tllc: bombs 
arc tlroppr!d in a lirle dorlg th upwind r!dgc of the 
t,argct,. As alrc?ady statc!tl, the! nurnbor of bombs 
noc:tlctl t,o cover a g-ivcn arca can 1~: aalcr~ltdud from 
Lllo v::tli~cs in t,llc tabIn for :1 100 :arLillery square 
area, but, if the calculnted rfquirtnncnt, is not as 
large BS the: num her of homt>s o~~t~~inc:tl I)y clividing 
the nrofiswintl dimension of the :Lr(?:l l)y t,llc: rnaxi- 
mum crosswintl xp:l.c:ing, tllc: 1ntLc:r v:tluc shorllcl be 
1~~1. IJndcr contlitions simil:rr t,o t,hosc wed in ‘the 

field cxpcriments, the gus from a xinglc line source 
cannot 1~: dcpcndcd upon to cover a target, untlf!r 
inversion conditions more t,han 1,000 yd downwind 
for Cl = 1 to 5, and 500 yd downwind for Ct = 30. 
Under neut,ral conditions, t,he cli,rtanccs are BOO and 
300 yd, rcspcctively. If tin arcu with a. c:onsitlcr:~~l~ly 
gmat;cr distance downwind is Lo bc covcr~l, it, is 
possible to divide Lhe area into smullar areas with 
shorter downwind dist,ances mcl to cover euch ol’ 
the smaller areas in an iclentical manner by a line 
of bombs on the upwind edge of each small are:a. 
If conditions are very favorable, the downwind 
effect of gas in the upwiml areas will add to the 
c&ct, of tlic lines of bombs in tllc arcas fsrth(,r 
downwind. 
II. Upwind distribution. Hombs are distributed 
over the attack area. The downwind effect, is em- 
ployctl to sornt: oxtcnt by displacing the hornbs 
toward the upwind edge of t)he ttr~:t.~~ This cm be 
uct:omplishcd by placing the first row of lmnl~ on 
the upwind edge of the attack area and spacing the 
remaining bombs in rows at equal distances down- 
wind on the target area, with no bombs on the 
downwind edge. 
#‘or example, in Vigure I3 it is assumed that, the 

requirements and distribution of bombs for a dosage 
of 3 for CG (task C,) for the accompanying area COW 
sisting of open, flat, terrain uncler inversion contlitions 
anti n wind spoctl of 1 mph arc to 1)~ cdculatotl. ‘I‘hc 
size: of attack arca is (1,050/100) x (I, llO,/ 100) ct4uals 
I 17 artillery squ:1rcs. ‘lb requircmcnt for 100 artil- 
h-y quart:s cqu:& 30 l~ombs with m~Lximum Cross- 
win.d spacing of 90 yd. The requirement for 117 artil- 
lcry squares cc4uuls 35; bombs in first, row 1,050/W 
c~yuals 12. Numbc:r of rows 35/1.2 o~~usls 3. hwn- 
wind spacing I)c:t,wcan rows I ,I 10/3 ~~41~1s 370. 
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WIND 4 MPH 

x : BOMB 

1050 YDL 

FIGURE 13. TJpwind tlistrilrution. 

l3ombfi in second row equal 12. Bombs in third row 
equal 11 (or 12 as shown). 

5. The: economy of munitions ur;ut~lly obluincd 
when t,hc: effect of mind is utilizctl makes desirable the 
USC of upwind or line distJributJion wherever possible. 
For thcsc types of coverage the: wind direction must 
be rc:ason:tbly well known; with upwind coverage it 
is c&mated that, for most Largets of approximately 
IO0 artillery s~unrcs, 90y0 of the area or more will 
fitill be coverctl wit,11 a wind shift of 530”. It, is ap 
parent that a shift, in wind direction will be mart: 
nr:rious for lint: tlist,ribrrtion than for upwind. 

6. The dist,ribut,ion and spacings suggc~tcd in this 
report are made chiefly on the basis of efficient use of 
the gas clouds produced, but, it, is expected t,hat 
modifications will have to be made in any actual 
ope&ionnl USC. No increases have heen made in 
t,abular value to allow for operational difficulties in 
bombing. However, in thn MM: of nonpersistent, gas 
bombs, small errors in placcmcnl of bombs are not, 
serious (axcept on upwind cdgc of target) since: t,lic 
gas clouds from different homhs will probably expand 
and merge together t,o cover the target. 

7. The tabular re~uircmcnts are not, intended to 
apply to gas-proofed fortifications, since many addi- 
tional bombs will be necdcd for such an nt,tdL 

The Project, C:oortlin:lt,iori Stnff [PCS] of the 
Chemical Warfare Sorvict! have made tt careful study 
of all available data on nonpc:rnist,cnt gases. From the 
in@$JA d(f It) t,hoy have obtained the values FOI 
CtA given in Table 12 for a l,OOO-lb bomb with 
:y~proximatcly 100 lb ol agent,. 

TABLE 12. CtA vrtlues for 400-h agent :Lt, 18-in. height. 

Wind speed 
mph Clesr dny Neut~rul Clcn,r nip;ht 

.- _-- .._ 
2 12 20 50 
4 7 II 20 
8 4 r 

10 2 i.5 ; 

Table 12 has been used to calculate the over- 
lapping in multiple bomb shoots and hcncc munition 
recluirements. These are summarizctl in Table 13. 

TARLB 13. PCS munit,ion requirrment8a. Areu lsrgcl~ Ct 
V,ZIIICR for IX-in. hei&t. Bombs per Rrlillcr;y squnre, ns- 
snning statist,ic,zl distribution. 

- -....- 7: ..~ 
Speed (mph) ClMLr Cl>Jly Neut~ral C&r night, 

I. M79 for Ct = 30 
(from Table IO) 

2 2.3 2.3 0.9 
4 6.4 4.1 2.3 
& II 9 7.5 

IO 22 1s 16 
Comparison wifh Du,qwuy repot-l, 

2 B 1.8 1.1 
4 7 2.x 1.9 
s II 7 5.5 

“- 
2. M79 for Ct = 200 with rtgeut, CR* 

2 21 I2 r 
4 35 23 1; 
8 82 50 41 

I6 124 100 x3 
,” 

3. M79 fnr C’l = 11 with UK or CL = 5 for ACT 
2 2.6 1.5 0.7 
4 3 2.6 1.5 
8 6 4 f 3’ .r, 

I6 & 6.5 5.5 

4. M79 for tit = 3.2 wiU1 CGj 
--^_- 

2 0.9 0.8 0.3 
4 1.5 0.8 0.6 
9 2 1.5 1.5 

Iii 3 2.5 2 

* lhr lb178 multiply by 2.2. 
,l Ikw M78 multiply by 1.8. 
:I I”or M78 multiply hy 1.7. 

The comparison mentioned in (1) Table 13 refers 
to the vJilc:s given in Table IO for rmiform distribu- 
t,ion, and it, \vill bc observed tJi:d c!xCcpi. Car lapse and 
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0 GOAT UNHARMED 

a GOAT INJURED 
. GOAT KILLED 

FIGURJG 14. Sampling rlkt on IIugway 4.2-k mort,ar shoot. 

low winds, the values are essentially tlrc: s:mx. As 
noted in the discussion of th:Lt, t&1(:, thcsc rcqllirc- 
ments give large areas downwind which ~ILLVC wry 
high Gt values. If this region is occupied by enemy 
t,roops t,his may be looked upon LLS an extra premium 
obtained in the operation. However, it seems t)o t,he 
review?? that, tlrc: plwcment 01 80 % of’ the bombs on 
the upwind half of the t,argct, would cut the number 
of bornbti rqoircd 1)~ 30% to WC%,, depending upon 
t,he size of thn t,srgctj, and if such a procedure should 
ever be pon~ihl~: from the operational standpoint, it, 
should he recornrnc:ndcd in place of statistical dist,ri- 
hution ovw t,hc whole lwget. The same comments 
apply to all sc:c:t,ions of Table 13. 

165. I I Munition Kequircments for fhrprisc 

The following discussion 2 was given of the require- 
ments for surprise effects with the M79 bomb. 

To scl up R let,hrd dosage of CC: (5 mg min per 1) over 90 
per cent of nn open nren within 30 secondtl requires a density 
of nt 1enHt t,hret! M79 bombs per ~tillery t;quarc (d~ppcd 
wit,lriu 5 seconds): for R letShal dossge over X0 t,o !)I) per cent 
trf Ohc :trc:t wit,hin 2 minutes (3 mg min per 1) requires nt 
least one M79 bomb per arOillcry square. 

There is lillle rtdvrttkgc in using gas bombs under high 
wind ~pecds for c;urprian since: t,hc 30 sccrrnd and 2 minutJe 
surprise arcns are not ,zppreciably incren,sed by hi&x wind 
speeds. On t>he ot,her hn,nd, if gnu bombs A,re used for tlurpri~e 
mirier conditions where grtt; is not dissipated rapidly, olhcr 
objeclives will bc usually achicvcd in :rddil.ion h surprise. 
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The Project Coordination Staff give the valuc~ 
tabulated in Table 14. The 30-set requiremorks apply 
to well-trained personnel and the 2-min values lo men 
poorly trsinctl, or sleeping. 

Tnnrx 14. Munition rcquircmcnt,s for surprise ce,sunlties. 
” - -.“- ~. .- ---..-, .-- 

Number or bornhs 
per artillery xqunrn 

Type of bomb Agent ct 30 set 2 min 

British 250 LC CG 3.2 12 B 
Hritish 500 1,C.I CG 3.2 8 4 
M78 500-11, CG 3.2 8 4 
M7R SO&lb (XI 3.2 12 B 
M78 500-lb AC 5. 12 6 
M7!) 1,000-lb 
M79 1,000~lb 2 

3.2 4 2 
11. B 3 

M79 l,OOO-lb AC 5. 6 3 

16.5.12 Clouds from Arca Sources Set 

Up by 4.2-In. Mortar Shells 

At the Dugway Proving Ground 18 shoots were 
carried out with the 4.2-in. mortars charged CG and 
at, Sa,n Jo& 2 shoots wit,h the shells charged CR. 
Data on the larger Dugway trials and the two at, 
San Jose are summarized in Table 15, and a typical 
Dugway concentration plot is given in Figure M 

OPEN TERRAIN 

(In the basis of the Dugwtty trials it, was conclutlcd 
that, t,ho bnhavior of the gas cloud over flat, open 
terrain is r:omparablo with lhc boliavior of a cloud 
set, up by large aerial bombs, and comparisons for 
equal weights of agent indicate that the mortar and 
the bomb are about equally eficient for covering 
areas with dosages up to 30 mg min per 1. An analysis 
of the factors affecting the eficiency was made by 
Walters and Labor and their conclusions follow. 

li;FFECT Oh’ WIN11 vBX,OCITY 

The area covered at 18 in. above the grountl varies 
inversely as a power of the wind velocity - a power 
which incrcascs with increasing wind speed, with in- 
creasing degree of inversion, and with increasing 
dosugc. For example, for a dosage of 1 mg min per 1 
under neutral conditions, the area varies inversely 
as the 1.1 power of the wind velocity between 2 and 
4 mph and inversely as the I .5 power between 8 and 
10 mph; for Ct = 3 rng min per 1 these exponents are 
increased tjo 1.4 and 2.0, respectively, and for CY = 30 
mg min per I the area is invcrsc1.y proportional to the 
1.6 power in the rang{: of 2 to 4 mph. For high in- 
v&on in t,he range of 2 to 4 mph the arca varies as 
t,he reciprocal of the wind velocity to the 1.1 power 
for (3 = 1 mg min per 1, the 1.5 power for Ct = 3 
mg min per 1, and t,lie 1.9 power for Ct = 30 mg miri 
per 1. The rate of increase of this cxponcnt with the: 
wind velocity increases with increasing dcgrcc of in- 
version and decreases with increasing dcgrcc of lapse. 

EFFECT OF ATMOSPIIIZRIC S’~AHILIW 

The temperature profile offers t,he best, measure of 
atmospheric stability; in rcstrictcd casts only can the: 
wind profile be rlsed as :I quantitatjivo rnc!asurc: of the 
effective &bilily. An unsuccessful attempt was made: 
to use the temperature difference from the surface to 
2 m above the surface. The fuilurc of this tliffcrcncc 
is probably due to two factors: (1) the tlifficuH,y of 
trying to obtain a reprcscntativc: macro surface: tcrn- 
perature and (2) the fact that the surface temperature 
is only off&ive inasmuch its it, governs the tempera- 
t,urc profile of the air above the surface. Conse- 
quenlly, iL was found to 1~: convnnicnt, to employ the! 
t,cmpcraLurc diffcrcnco from I to 3 m as a measure of 
the atmospheric: slubility; this is dcfinod as A?’ and is 
expressed in degrees ccntigrsdo. 

TABLE 15. D:tt:t on 4.2-in. mor(,:tr shoots. 

Wind 
speed, 

111 I rh Al’ 

..- 
Weight, -- -- 

,..--~ ..- 
Target, wen, for 

80% of shell of :tgcnf, Max Arc~t* Area* Area’ 
B vd x vrl lb ctt ctt = 3 ctt = 10 ctt = 100 

Lhylway 
3.5 3.51 1.7 267 X 195 (320 430 72 . . . 
2.8 1.61 1.7 223 x 154 2,100 140 150 120 
2.9 1.3T 1.X 243 X 1X7 2,110 180 12% . 
5.G 1.01 1.2 275 X 216 1,060 27 50 
Cd111 2.7Td . . . 240 X 193 1 ,550 42 24 ::: 

San .Tos/: 
0.5 T . . . 100 x 400 fi,Bl.S 7x0 . . >4G 
0.5 I . 100 x 400 B,589 325 . . . >30 

. . . 

10 
15 

* Areas in artillery squares. 
t Cl vducs for 18 in. 
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TABLE 16. Ammunition requirements for the 4.2-in. chernicnl mort.xr shell charged CG over open t,errain. 

Time of dny 

Requirement (round per rtrtillery square) at indicated wind velo&ies 
Objective 
Mg min/l 2 4 6 8 10 

for CE mph mph mph mph mph 
- ,,- I .,_. ~-.. ,-.l”l,- ..__” ,,. “” ,,.- 

Inversion 1 46 
i*(in 45 2 min) 

IW 
30* 50 
. . $ 

Neutral 1 45 
3* 45 
5 (in 2 min) l&O? 

30* 100 

. . t 

LapSe 1 60 
a* 110 
5 (in 2 min) l&Ot 

30* 1,015 
. . $ 

45 
45 

I sot 
170 

45 
55 

1sot 
295 

130 210 
265 480 
340t 6501 

1,600 2,120 

45 
60 

1w 
375 

45 65 90 
110 185 290 
I sot 300t 465t 

580 !>25 1,300 

45 50 
105 165 
l&St 2851 
660 995 

305 410 
745 1,055 

I,loot 1,760t 
2,615 . . . 

The area covc:rt:d by a given dosage at any height 
above the ground and at a specified wind velocity 
varies approximxtcly as (AT + 0.37)“. This varia- 
tion is essentially independent of the dosage and the 
wind velocity. From this it is not,cd that the munition 
requirement for ’ a given mission increases very 
rapidly as the lapse rate increases; for AT = - 0.3(i C, 
the requiromcnt is ten times the requirement under 
inversion when AT = +0.63 C. However, this rela- 
tionship should be used with caut,ion, especially under 
lapse conditions, Whon AT = - 0.37 C:, thrt arca indi- 
cated is zero, while actually the aretL is not zero even 
when AT = - I C, as it has been ohsorvcd Lo be at 
times at Dugway. Under neutral and inversion con- 
ditions, the relationship is perhaps rather more valid. 
Inversions as great as +3.5 tlcgrccs have been ob- 
served at Dugway. 

tiFFECT OF DOSAGE: 
At low dosages (Ct = 1 to 5 mg min pc:r 1) the area 

varies inversely as the 0.45 power of the CE at a wind 
velocity of 2 mph. This exponent incraaxes to 0.8 at 
(5 mph and to I .I at 10 mph. It also increases with 
increasing dosages; for Ct = 10 to 30 mg min per 1 it 
is about 0.8 at a wind velocity of 2 mph. Variat,ions 
of the power of the Ct with atmosphorio stability and 
height above the ground are of second order. 

The area enclosed by a specified dosage contour is 
inversely proportional to the height above the ground 
raised to a powar which increases with increasing 
wind velocit,y, Ct, and degree of inversion. 

On the basis of this analysis of the experimental 
tlat,a Walters and Labor recommended the munition 
requirements given in Table LG. 

From a study of the Dugway data the PCS gave 
t,he following munition requirements for the 4.2-in. 
mortar. 

TABLE 17. Munition requirementa for 4.2-in. mortar. 
Open terrain. 

,-- .“_. .,..^. -.“.. .- -~- 
I. CG for CYt = 3.2 on 80’;51, nf target 

Wind Shell* per artillery ~qunre 
mph Neutral to moderate inversion 

2 30 
4 55 
8 100 

2. CK for Ct = 200 on 80% of tarRet 
Wind Shell* per artillery square 
111ph Neutral Inversion 

2 600 300 
4 1,800 1,000 

“I- II .*- 
* 0.25 lb of Cc: per Slldl. 

Because of the slow firing rate and low weight of 
agent, per shell, the ,4.2-in. mortar is impractical for 
attainment of surprise lethal dossgos in 30 sec. IIow- 
ever, Tablo 16 includes a requirement, t,o give a Cl of 
5 in 2 min. It has been argued that the fragmentation 
of the shells will cause troops to seek shcltcr and thus 
delay t,he adjustment, of their masks for a period of 
about, 2 minutes. 
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The two 8:m .TosE mortar shoots do not provitle 
sufficient tl:lL:t t,o permit an cxperimcntal evaluation 
of munition requirfxncnl;s for wootl~tl areas. In t,he 
second of these shoot,s 300 shells pw urt#illery square 
on four sqllares gave Ct of 100 on SSI$) of the Ixget, 
but, the: tolal area for (3 = 100 was wme 15 artillery 
S~~ll:LtY:S, mostly beyond the target. The arca for 
Ct = 200 was about 4 rtrtillery sqllares, Iwt, again 
much of this was beyond the targot,. When the: cloud 
moved off t,lie region of the target,, l,lic dosagnn were 
still wry high, so the: total area, for lowor doswges was 
unknown. The slow mot,ion of c:louds in fornsts 01 
jungles would appear to make it possible t,o use the 
mortar to maintain low concentrations over large 
HI’CL~A lor long periods of time. Whether this would 
result in ver_v high dosages pw pormd of agent es- 
pended is ali present, unknown. IIowev~r, the ro- 

quirement,s stated in Tsblc 17 for 2 mph may be em- 
ployed with the assuranw that; they arc ample for 
>Lvcrage condit,ions inside the for&. 

The salient; features of the: mit:~ometeorology inside 
a forest, and jungle canopy, as discussed in Chapter 
14, inclutlotl: (1) low wind wlocities, (2) zwo 01’ small 
temperat,urc gradients Iwth night and day, and (3) 
fairly Iwge vertical air mass movement, cvcn with 
good inversion over the cxnopy. Thesc ftdorl;i red t, 

in consitlwable deviation in the travel of gas nlnr~ls 

in wooded ~rcas from that8 ol~st:rvcd in open tnrrain. 
The following comparison of C’t values for t,ho I ,OOO-lb 
hornb is typical. 

TARTX 18. ~OmpM’itm~ of c(, HFC:LS in artihy squ~m!s 
for 1,000-lh bomb cllargcd CR in open terrain and in 
forest. Wind ~pced 1 mph, clear uight, M-in. level. 

Arcss 
.-.... - 

Ct = 3 ct = 30 IX = ioo‘ Max Cf -. “---. - .~ 
Open 10 1 o.o:i 100 
WO& 3 I 0.3 130 -. -. 

It is observtxl LlU (1) the area covc:rt:tl by (Cl = 3) 
is much gre:drr in the open but (2) the rnasinium Ct, 
and (3) the arcas covered by (Ct = 100) are much 
larger in the forest. Effect (1) is untL:~slLtnd~~tble be- 
cause of t,tic: larger vertical air movrtment in t,he for- 
est,, and t>tic: vertical component, which is constantly 
being introdlwed by a parcel of air in horizontal mo- 
tion st,riking TV, branch or leaf. lCffoctJs (2) and (s) are 
harder to untlcrstand and doubtlrxs arc not< true at 

all lavclr;: since they appear to be rela-ltod t,o f;he smaller 
gwvity spread and lower concentration gradients in 
t,hc: forest. In the open, many drops of the liquid from 
a bomb burst, will fall nc:arly to the ground t&orc 
they vaporize, thus setting up an initial concentratJion 
gradient, while in the! forest, considerable vaporization 
will occur from the snrfnco of tbc foliage high :Lbov(l 
the ground. The obstwvctl temperature decrt:asc in 
the cloud is much loss in the forest than in t,hr open, 
which indicates t,haf, heat has been nhsorbcd from 
t#he vegetation. This decreases the dens&y of the 
gravity effect,. The fric:t,ion of the vegetation t,onda to 
slow down thn gravity spread of the cloud and it, 
comes to rest, with the top of the cloud considerably 
above th(: lwight observed in the open. As a result of 
these effects the concentration gratlicnt, is considertl- 
bly smallor in the forest, and Ct values at higher levals 
will h(: grt:ater. Under inversion, with low winds in 
the opc:n at 100 yd from the burst,, most of the gas 
from ttir: charge will lie below the M-in. level. 

The differcncc between open terrain and woods 
indicated in Table 18 for the area of high Ct vslucs is 
i’urther acxcntuated by t,hc fact that, the average 
wind speed at night in a for& is around 0.5 mph and 
the avoragc in the open cwt,ainly above 2 mph. It is 
this gcnrral occurrence of low wind speeds at night 
in forks and jungles which enhances the: efficiency 
of nonpersistent agnnt,s in these areas. 

Experiments &l-i single I ,OOO-lb bombs were 
cnrrictl out in the 8hasta, Targhee, and Florida for- 
ests, and t,hc jungle of San Jo& Island. 7%: dat,a ok)- 
taint4 arc adequate to givr: a fairly complete picture 
of t;lie cloud travel under wide rarigcs of meteorologi- 
cal conditions. 14gurc 15 gives typical CL contour foK 
a bomb charged GIG at Bushnell. While it is difficult, 
t,o summarize in :L single table t,hc b&avior of the 
I ,OOO-lb bomb for fores& of varying densit,y of foliage 
:Ind height of c:~nopy, it is bcliwed that, Table 19 
gives representative values for the agent CJ IC. 

It shoultl 1~: cmpliasized t,liaL these values are foi 
level ground. At, the low mind speeds generally preva- 
lent, in t,hc for&, gravity flow may be more important 
than t,llc: wind in determining the course of the ~:Ioud, 
if the: terrain is sloping. In this case estremcly high 
(3 values may be observed in stream beds :md in 
general dong the nat,ural water course. This effect 
has tx:en discussed in detai1.l’ 

For the agent, ptiosgene [CC: J considerable react,ion 
o~:urs with t,he foliage, and the fall-off of concentra- 
t,ion with distance is greater than that~ observed with 
t,he sgc:nL cynnogen chloride [Cli]. CC: is also 
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Clear night 

(.!lenr ds.y 

a’ 1%in. hrighl. 

-. - --- 
0 -- 

_.. 
I 3 1 0.3 I 30 

0.5 x 2 0.5 0. I 225 
0.3 14 3 0.8 0.2 300 

1 1.5 0.5 0.02 0 120 
0.5 2.5 1 0.26 0 190 
0.3 7’ I .I) 1.6 0.4 0.05 250 

,- . . 

hydrolyzed by water, and following a rain or in :I, wet or the number of l)ornhs per arlikry square. Two 
jungle much of the agentj may he lost hy this proc:rss. multiple Lomb CK shoots were carried out at Brrsh- 
Rate constants for the &sorption 1)~ a definite den- nell and t,wo at San .Jox& In all casts inversion over 
sit,y of foliago were det,crmined.lC 

The expc~imental fit:ld data for multiple l.)ornt) 
the canopy and low wind velociticx beneath the can- 
opy prt:vnilecl. Unforbmat,ely the bombs were highly 

shoots in for& areas arc not complete either with concentratcxl in a few artillery squares so that it is 
respect to ?J(! v~~riatiorl of meteorohgid conditions difficult to draw conclusions as to probable dosages 
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Tnnr.~ 20. Ct fl,rcn, n,nrl mn,ximum Ct vn,lucs from multiple bomb (1R shoots (vdrics for 1%in. llcight). 
_-=~.-.T-.. .- - ._... 

ThllhS 
NO. per 

of artillery Wind Arra covered by dated Cl in artillery square Maximum 
1~Ollll~S squu”c mph Cl = 5 CL = 30 c/, = 100 Cl = 200 CL = 1000 ct 

10 
FI 

1X” 
96 
8 
x 

0.4 
0.7 

0.4 
0.5 
0.3 
0.3 

20 
14 

iX 
20 

Bu.shncll 
14 11 7.5 1.4 2,000 
9 7.5 6 0.6 1,900 

“.-.-_.__ _ ., ..---..- 
San Josd 

. >5 
. * >55 3: io 

470 
7,500 

8 4 1 1,185 
. 8 4.5 0.7 1 ,A(10 

with more normal bomb distributions. The observed 
I2 arcas and the maximum C1 values are summarized 
in T:J)lc 20. 

A comparison 01” the multiple shoots with the single 
bomb shoots indicates that the maximum Ct obtained 
is roughly the maximum for the single bomb mrllti- 
plictl by the number of bombs per artillery square. 
On the other hand, the overlapping of the single bomb 
cffccls results in a correspondingly smaller area per 
bomb for (Ct = 5) for the multiple shoots. 

In general, the concentration gradient in the for& 
was less than that observed in the open. Over t,hc 
target area, the concentration at, 72 in. was from one- 
sixth to one-half the value at 18 in. with an aversgo 
01” about, one-third. At a distance of 200 yd there was 
lit,tle difference in the values at, the two heights cx- 
cept, in stream beds wl-ic:rc: gravity flow CV~B occurring. 

The gas CR rc:muinc:d -in c:ovc:rt:d fox holes and 
dugouts for fairly long periods. Although the maxi- 
m,, concc:nt,nlt,ions wcrc gencrully lower than the 
outsitlo, the Ct values were 30 to 50% greater. 

TABLE 21. Munition requirements in wooded :tre:ts for 
1,000~lb bombs; charged CK; number of bombs per 100 
dillcry squares after Wdters and Zabor; wind speed 
over woocL3. 

_. ~-. ..- 
Inversion Neutral Lapse 

wind, mph wind, mph wind, rrlpll 

4 8 4 8 4 8 

ct = 3 36 45 42 54 50 64 
Ct = 30 72 90 85 100 110 144 
Cf=200 140 230 150 270 170 320 
_ 

16.5.13 Munition Requirements in 
W.ooded Arcas 

By referring to t,lic: ratlicr mcagcr Bushnell data 
and by superimposing CtA data for single bombs, 

Walters and Zabor derived the munition require- 
ments given in Table 21 for the l,OOO-lb bomb. It is 
estimated that the requirements for CX would be 
about double that for Cl<. 

The Project Coordination Staff rcviowcd all the 
data from Bushnell and San Jose and calculated 
f A d(Ct) for single and multiple bomb shoots. Vrom 
t,heir study they recommended the rcquiroments 
given in Table 22. 

TAEIJ,E 22. KeyuirementH for l,OOO-lb M7!> bomb. 

Wind over canopy Bombs per artillery xquarc 

in mph Clear dny Neutml Clear night 
-.- ,.* 

Charged Cl< in wooded terrain* for Ct = 900 
O-10 4.5 1.5 I.0 

Charged CG for Ct = ~MJ 
o--10 4.5 2.5 2.0 

* Jungle terrain. multiply by I.%. Nor ot,hor homh sizes, multiply by 
34J,/(ll> of ayeut ‘EL‘ bomb). 

16.6 GAS CLOUDS IN URBAN AREAS 

The following discussion in taken from Porton 
Momorsntlum No. 6.’ 

16.6.1 Air Circulation in Streets and 
Courtyards 

As a preliminary, qualitative studies have been 
made of circulation of air in London strt?c!ts. The re- 
suits arc best, cxplaincrl by diagrams. 

Under calm conditions the circulation is controlled 
by temperature, and is as shown in Figure I 6. A wind 
of about, x m per set is suficient, to mask this 
thermal circul:&on. When t,lic wind blows along a 
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street, the air in the street, flows in the same direction, 
continuing down t,he street, until it is forced to rise 
over the: houses at the cntl. At junctions with side 
streaks, xttttionary eddic:s are formed which c:xtc:nd 
up ttwsc: streets for a distance about equal to tlic! 
width of the street; the flow in these horizontal eddies 
is away from hhe main street at the downwind side of 
the junction and toward it at the upwind side. If 
housr>s form a barrier across the top of the main 
street, the wind must flow over these houses bcforc: 
reaching lhe main street so that an eddy is formctl. 
This cxtcnds down the street for a distance approxi- 
matcly equal to t,he height of the l>arric:r. This tri- 
angular eddy maintains an upward currant, at the lee 
wall of the barrier, so that for a short, distance down- 
wind of the barrier the flow of the air near t,hc: ground 
is opposite to the untlist~urbed wind. 

When the free wind l)lows across a street, the air 
descends at, the downwind side of the: street and rises 
at the upwind 
fore opposite 
Figure 17. 

sitlo. At street, level the flow is there- 
to tlic: wind direction as shown in 

WIND ACROSS STREET 

1”~ winds blowing diagonally across :b street the 
circulation is a combinulion of tlic: simple casts dis- 
cussed, and the main flow can bc r011ghly reprcsc:ntcd 
by a hr!lix. 

Ttit! circulation in LL courtyard is the snmc: as that 
in A Ktrcet when tlic: wind is blowing acrosfi t,lic street,. 
When thr walls of the: st,reet, or thp courtyard arc very 

high, liowcvcr, the ~lynamicnl circulations extend 
only to a depth helow the roofs approximatc:ly equal 
to the hrcedth of the street or yard. 111 thr:sc: cases 
tbcrr: is thermal circulation below the critical depth. 

To illustrate how the circulations; can he super- 
posed for the case of the tiiagonal wind, observations 
taken at Porton provide an exam+ A site was made 
to simulate a Mind alley 50 m long with no obstruc- 
tions at the open end so that, the wind could approach 
rmdistc&ed, A typical obst~rvc:d airal&lion is shown 
in Figure 18. 

The circulation of air in drains and sewers is found 
to be independent of tllc, tlircction of flow of the water, 
but, is det,ermined by the: dirrction of the wind. When 
the wind Mows along a street the direction of the 
flow of air in tlic sewers is opposite to that of the 
wind. 

The potential dangers duo to :I lsrgc aircraft bomb 
charged with phosgcnr: havr: heen examined in a 
simulated built-up arca at Porton. The site chosen 
was a space between 2 one-story buildings ~1~0s~: 
height, was incrcasetl t,o 12 m by false roofs, the 
“st,reet” hc:ing really a cul-de-sac some 50 m in length. 
Two typos of l~nbs were examined under conditions 
of lap~c, zero gradient, and inversion. The: tail ejec- 
tion I)ornl), which was sunk into the ground to a depth 
cquul to its own length, was an aircraft l)oml>, 250~lh 
IK Nlk I charged 4 I.3 1 phosgonr:, and the hurstcr- 
t,ype of bomb was simulated by five Livens drums 
c,ach charged 30 It, (13.6 kg) p&gene. 

It was found that high concentrat,ions wore pro- 
duct?ti in the area, particularly in inversion condi- 
tions. ‘1’11~ initial cloud, which filled ahout half the 
area, gave conc:c:nl,rulions as high as 1 part, in 50, mcl 

up to a hoiglit, of 10 m concentrations of approsi- 
mately I part in 10,000 per&ted for some minutes, 
while apprcciuble amounts of gas were found to per- 
sist, for ahout 40 min. As a general result,, it was found 
that, rooms with sound w&jows affordc:d a reason- 
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able degree of protection, which was considerably 
c~nhancetl by simple measures of gas pro tcct,ion. 

It is a mutter of considerable difficulty to extcmtl 
these results to the densely populated arcas CJP a lnrg-c 

city, but, it is already clear that cul-de-sacs and court- 
yards may be very dangerous in the cvcnt of’ an ut- 
tack with gas bombs. In the Porton cul-de-sac, it was 
found that the decay of concentration with time 
could bo represented fairly well by the law 

CL = Co exp (-kt) 

whcrc Co is tho maximum concentration at the point 
in question and Ct the concentration after a lapse of t 
seconds. The docay coefficient k: was found to vary 
with the site, mcteorologiaul conditions, and with the 
wind velocity, t>he aria&n with the last factor being 
linear. Trials with smoke in London courtyards 
showed that, the same law applies, and brought, 
out the interesting fact that the cul-de-sac: at Por- 
ton was much less dangerous than cc&in Lon- 
tlon areas, where the value of k may bc as low as 
5 x 10-a SC:+. 



Chapter 17 

FIELD SAMPLING METHODS FOR NONPERSISTENT GASES 

l3y Francis B. Hlacet 

N ONPERSISTENT AC:WW are those: which normally 
enter the gas phase quickly aftor being din- 

pcrsod. Phosgene, hytlrocynnic acid, :mtl cyanogcn 
chloride are examples of such gases. In contrast Lo 
those agents are persistent gases, those wilh low 
vapor pressures at, normal ternpcratures, of which 
mustard gas is the out&anding example. In general, 
th gas concentralion ranges encountered in the 
study of the two r:lassc:s of agents arc of a different 
ordar of magnitude, and hence sampling devic:r:s 
which are satisfactory for one class usually do not 
prove: good for the other. Accordingly, in studying 
the behavior and effects of t,oxic agenLs, a logical 
division of endeavor has taken place and Division 10 
of NI>RC was given problems pertaining to the non- 
persistent, gases. The sampling methods and equip 
merit, doscribed on the following pages wcrc: developed 
for this type of agent. 1410 morit,s of e&i inst,rumentj 
arc discussed, including the possibility of its use with 
persistent gases. 

17.1 HYI)ROSTATIC HKAT) PUMP 
SAMPLER 3 

This cl&co, which was developed for field use by 
Division 10 al Dugway Proving C:round, rnakos use 
of the simple and wc:ll known fact t;hat, a liquid flow- 
ing by gravity from a bottle tends to produc:c a re- 
duced pressure and, therefore, can be used to draw 
air or gas through an absorption tube. 

Figure I is a schematic diagratn of the appariLt,us 
as IM:~ extensively in the! field. It contains two indc- 
pendent pumping units which can be uncd to collect, 
two samples at the sa~no level, or wit,11 the aid of 
rubber Ming can collect single samples at any two 
positions at reasonable heights or clistJant:cs from the 
pumps. The 2 s-1 acid bottles uscxl in t,he pumps are 
graduated in loo-ml divisions. hpprosimntcly I -mm 
capillary tubing forms the connection bcl;wc~c?n the 
upper and lowor bottles. The diameter of thr: capillary 
is selected to give approximately the flow rates 
tlosired. l?low ratc:s of yz to 1 I p(:r hr provr: t,o be 
satisfactory and hence sampling can be carriot! on 
over periods of from 2 to 4 hr wit,hout attent,ion from 
an operator. The U-tubes in the 1)ottles insure con- 

stant hydrostatic head during oporation of t,he ap- 
paratus. The glass parts are mounted and securely 
held insitlc substantial woodon frarncs so that, the 
pumps can be transported over rough terrain with 
little loss from breakage. The! apparut,us is cornplctcly 
symrnctrical and can be used with either end up. 
Thus the: same water is used over and over agAin for 
pumping purposes. All-glass bubbler absorption tubes 
are used for the absorbing solutions. Each bubbler 
has a 30-ml graduation mark. 

SIDE VIEYI 

[NOTE I I To GLASS ABWRPTION TUBE 
ANY DESIRED HEIGHT FOR GAS 
SAMPLING 

k?cu~E 1. %Lgrarn of hydrostrttic hcud pump s:tfnpler. 

17.1.1 Operation of Sampler 

When t,he sampkr is not in use, the water is in the 
lower upright bottlcs. Tn preparation for sampling, 
~11~ entire apparatus is invertctl and the absorption 
lubes attachctd by means of appropriate lengths of 
rubber tubing. The heights of the tubes and the water 
levels in the Iwo inverted bottles are recorded. The 
time of reading the water levels is also recorded. Re- 
gardlcss of the nature of the experiment, the samplers 
are allowed to operate until at Icast 1 liter of water 
drains from each of the upper bot,tles. Upon com- 
pletion of sampling, the final titne and the water 
levels in the upper bottles are recorded, and the 
absorption tubes are detached and taken to the 
laboratory for analysis. 
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17.1.2 Preparation and Analysis 01 Solutions 

The sampler has been used extensively in the study 
of CG, CK, and AC. For all t,hree agents conducti- 
metric anslyscs are employed. 

The absorbing solution for this gas is made by 
mixing equal volumes of 95% ethyl alcol~ol and a 
good grade distilled water, and then adding sufficient 
HCl t,o bring the blank within the range of the 
conduct~ance meter. 

Twenty-five ml of t,his solution are platcctl in each 
absorption tube:. After the gas is absorbed the tubes 
are brought back t,o the! laboratory and more xolut,ion 
added to bring the total volume in each t,o cxnctly 
30 ml. The solutlions arc allowed to stand for at least, 
8 hr to insure: complete hydrolysis of the phoegcnc. 
Thcrcaft,cr, t,hcy are passed in rapid succession 
ttnwtgt~ the toll, and the conduct:tnt:c readings and 
tcmporst,urc are rccordetl. 

From the aonductance values and previously pro 
pared concentration (mg par 30 ml) vs specific con- 
ductance curves the conccntrat,ion of each solution is 
obtained. These data combined with the gas volumes 
and times recorded in the field make possible the 
calculation of the total gas dosage Clt attained at 
each sampling point. 

Cl = 
mg of agent mg min r!!!z- 

flow rate, 1 per min I 

CYANOWN CHLORIDE 

The absorbing solution for this ‘gas is made by 
mixing the following substanacs in the proport#ions 
given: ethyl alcohol, 250 ml; distillctl water, 775 ml; 
formaldehyde (37 %) , 10 ml; and llexurnt?tllyl(~n(~tet- 
rarnino, 10 g. The sampling and analytical mt:t,hods 
usctl for this gas are essentially the same as thono used 
for phosgene. 

IIYDROGEN CYANIDE 

This gas is absorbed in LL O.Fic$ solution of mercuric 
chloride in distilled water. The sampling and analysis 
are the same as lor phosgcnc, cscopt, that it is not 
necessary to allow a minimum timt: to elapse between 
gas absorption and the conduc tancc moasurementJs. 

17.1.3 Nom 

1. With this apparatus Ct valuc:s from 0 to at, Icast, 
10,000 mg min per 1 can be obtained without difli- 

cult,y. Over the majority of this range results may be 
expected to average an accuracy within about lOy,. 

2. This sampler is sirnple and cheap to construct, 
and proved to be very reliable in the field. The only 
replaccmcnt problem was due to breakage from bomb 
fragments and the loss from this cause was light. 

3. Rocause of the simplicit,y of this sampler, per- 
sonncl wit,11 little education and 110 background in 
science could bc trained to do the field work. That 
proved to bc a very important, factor in trials in which 
a large area of rugged terrain had to be covcrctl in a 
short time. 

4. In the laboratory t,wo tnen with one conductance 
met,er could handle about, I.00 samples an hour. The 
biggest laboratory problem was the rinsing snd 

filling of the absorption tubes. This work could be 
done by unskilled labor. 

5. This method will work with other gases. For 
example, ammonia and sulfur dioxide can be ab- 
sorbed in distilled wetcr and analyzotl by conduc- 
tivity. Other nnalyt,ical methods can be used if 
ncccssary. 

B. Bccauso of the small total volume of sumplc 
which it, can take, no way has been devised so far to 
use this xamplor for persistent, agents. 

7. The apparatus, construc:tc:d and used as dc- 
scribed above, gives only the total dosage Ct attained 
at the sampling point. IIowever, in certain limited 
experiments in which the operator can stay at the 
location of the sampler, it is possible to get a series 
of samples from which can be obtained points for a 
concentration vs time curve. This was done in early 
field ~ultl indoor esperimcnt,s with ammonia, sulfur 
dioxide, and phosgene. The apparatus was modified 
by replacing the capillary connecting the two bottles 
by a rubber tube anti pinch clamp, t,he quantity of 
wat,er was adjusted so that, just 1 I would flow from 
one! bottle to the other. By means of the clamp the 
flow rate was mudc approximately 1 Ipm. The oper- 
ator had a rack full of bubbler tubes and during an 
expcrimont used them at recorded times. Bct:auso of 
the rapid flow rates involved it was necessary to IMSC 
absorbents which could not be analyzed by con- 

ductivity means. Ammonia was absorbed in l.liOh 
boric acid and Ctrated with HC:l. Sulfur dioxide was 
absorbed in 10fyO N&T1 to which had been added a 
trace of stannons chloride. The excess of NaOII was 
neutralized by 6 N acetic acid and the sulfurous acid 
titrated with iodine. Phosgenc was absorbed in 1 N 
NaOII in 50$$, methyl alcohol and the chloride de- 
termined potentiomotrically. 
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17.2 .DTAPH KAC;M PUMP SA.MPLE K 

This sampler was tlcvcloped by Division IO at, 
I)ugway Proving Ground and Northwestern IJn- 
vnr&y. It makes use of the fact that an electrically 
opcraled vibrating diaphragm, operated in conj uric- 
t,ion with two simple c:hc:c:k valves, may bc caused lo 
circulate a gas against, a small hydrostatic head. 

A 

CONTROL 
B 

6-V "HOT S-KG" 
DRY BATTERY 

SWITCH 

OID 

RELAY 

BBER MEMBRANE 
TWEEN BAKELITE 

OUTLET VALVE- 
METAL DISK ON 

FLOWMETER FLOWMETER 

GAS ABSORBER 

Figure 2 cont,ains a diagram of the pump and elec- 
trical circuits. Tho entire pump, including battery 
and flowmeters, is enclosed in a rainproof box of 
dimensions 9x9x10 in. equipped with handle for 
carrying. The capaci t,y of the pump is between 600 
and X00 ml per min when operated against, :*. 2-in. 
water head. Since half of this flow rate is sufficient for 
sampling purposes .the apparatus is tlcsigned to 
operate two gas absorption tubes at the same timt:. 

A separate flowmeter is provided for each bul~hlcr. 
The bubblers are 841. test tubes fitted with rubber 
stoppers and an inlet tube leading to the bott,om. 
Wilb the aid of rubber tubing, the bubblers can bc 
placed at any desired reasonable height or dist,ant:e 
from the p~mlp. 

17.2.1 Operation 

Because of minor changes in pumping rate during 
the time t,hc clcctrical circuit is reaching thcrmul 
equilibrium, it, is found desirable to start operation of 
the sampler at, least, 15 rnin before taking the init,ial 
flowmeter reading. Flow rates are trtken before and 
after the cloud is ssmplcd and the average is taken 
in calculating results. 

17.2.2 Preparation and Analysis 01 Solutions 

The solution for this ngc!nt is made by mixing 
equal volumes of 95 y0 ethyl slcoliol and aqueous 2 N 
sodium hydroxide. Twenty&o ml arc used in each 
absorption tube. After the gas is absorbed the tubes 
are returned to the khorat,ory and titrated for chloride 
by a standard procedure. From the data thus ob- 
tuincd and the recorded flow rat(:s, total dosages arc 
calculated in the same manner as discussed in Sec- 
tion 17.1. 

CYANOI:~JN CIILORIDE 

The same solution and analytical method arc used 
for this agent as previously described for phosgcne. 

HYDROGEN CYAN II~ 

This gas is absorbed in aqueous 2 N sodium hy- 
droxide and titrated for cyanide by a standard 
method. The aslculation of dosage is t,ho name as 
given for phoxgene. 

17.2.3 :Notcs 

1. This type of pump will opa&c for a total of 
from 30 to ,50 hr on a singlo 6-v dry battery (Burgess 
41{‘4H). For this reason it, is cspeciully suitable for 
distant, and inaccessible places where it can be started 
well before a gas trial is scheduled, thus giving the 
operator ample time to leave: the area. 

2. Yl3ncause of the comparatively high capacity of 
the pumps, they will m(‘asurc low dosages with con- 
siderable accuracy. Thus they are especially useful in 
defining the outer fringes of a gas cloud. 



HOT WIRE ANALYZER 287 

3. For t,he same reason, t,his apparat,us has some 
promise for the sampling of persistent agents with 
low vapor pressures. 

4. The major fault, which tlovclopeti in this sampler 
was the gradual pitting and finally, the sticking of the 
clectrotios of the vibrating day. The contwt, points 
are silver. Laboratory studiw indicst,c that points of 
plr&inum or trmgst,c:n would hc very much hot,ter. 

6. In brief trials with mustard vapor in a moist, 
tropical t~t,mospherc there ~a.8 consitlcrable corrosion 
of the electrical parts. This served to emphasize that 
the sampler could he improved by onclosing all the: 
electrical parts in a gasproof 1)0x. 

17.3 TTOT WIRE ANALYZER 7 

This instrument, which was developed under a 
Division 10 conlract at, t,he University of California, 
made use of the fact, that many gases arc induocd to 
react by oxidation or tlccomposit,ion whtrn they come 
in contact with a hot wire. The reaction in turn 
affects the temperature, and therefore the electric re- 
&Lance, of the wire. The wire filament in the ap- 
paratus is incorporated in a WhcutstJonc: bridge and 
used with a continuously rcoording, photoelectric 
microvoltmeter. 

E E Ii Ii F F 

PHOTOELECTRIC 
RECORDER J 

I4 
K 

2 L 

1 

3 
s M 

4 
OFF 

PIGIJHE 3. D&ram of hot wire nndyner clsctrio cirrd. 

Figure 3 is an electrical circuit diagram of the 
analyzer in its simplest, form, The photoolcctric re- 
corder, a GFIIICI-u1 Electric Model KElCM57Y I, 
covers the range 0 to 1 mv. The filaments are cm- 
heddcd in a brass block as indicated in Figure 4. By 
means of a suilable pump, tlic gas-air rnixture to be 
:malyzcd is drawn over one filament, and air, which 
had bc:cn purified by first passing through a canister 
filled cvith type AK charcoal, is drawn over the 
other. Capillary tubas are placed between the fib 
merits and t,hc pump to provide a critical orifice and 

hencc: a flow of approximately I lprn past each 
filament,. 

In or&r to conserve: electric cable, triple unit sam- 
plers as tliugrammed in Figure 5 usually were used 
in field experiments but the opcrstion of these was 
essentially the snmo as given here for the single unit. 
If conservation of wire is no important object it is 
bcttcr to use singlo unils, because in the triple units 
thcrn is some coupling between the bridge circuits 
which materially reduces the sensitivity in the low 
gas concentration range. 

INTAKE-- 

INTAKE- 
-ST, I I I h 

‘/,’ ‘~-FILAMENT 

’ PLAN w 

BAKELITE- nn 

BLOCK DETAIL 

FIGURE 4. Diagram of rexclion cell of hot wire adyaer. 

17.3.1. Operation 

In the field, the filament block, battery, and pump 
(No. 4IQ5, C&t Mfg. Co., Benton Harbor, Michigan) 
are locat,cd near the desired sampling point. Tygon 
(plastic) tirbing, which does not in any way affect & 
gases studied, is used to convey the gas-air mixture 
from the: sampling point to the filament block. The 
remainder of ttic: apparatus is locxt,ed at a control 
ccntcr, which at times may he as much as 1,200 ft 
from t,lie sampling point. 

At least 20 min before sampling is to hcgin, the 
pump is turned on (after that the filaments are con- 
nect& to the 2-v battery). Care is tak(?n never to 
heat, the filaments before &rting the pump, nevel 
to have more than 2-v battery potential, and always 
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RECORDE 

RECORDE 

0 

d 

A 

to have: the: recorder discnnncc:t,c:tl during the tirm: the 

block ix coming to equilibrium tc!mperature. 
Just, More measurements arc expected to st:tri,, the 

bridge circuit, is balanced so that; on high sensitivily 
(Circuit 1, Figurt! 3) the zero position is at about 0.2 
of the full recortlcr scale. This is done: by making a 
preliminary britlgc! adjustment on circuit, ~4, switching 
to 3 and adjusling with pot,entiometc:r G, switching to 
2 and adjusting with both Ci and H, tlr~rr finally 
tiwit,ching to circuil 1 and aLtljusting by means of Tr. 

Whenever possible the recorder is kept untlc:r con- 
st,ant observation, and when the gas cont:r:rrt,rst,iorr 
incrcnses to the point wlicrc there is drtrigar of the! 
ncc:tIlc going off scale, t,lic: switch is changed Lo the 
medium scale (poxilion 2) and a notation rnadc on 
tlic: tape to indicalc that, change. By sliifLing to 
diffcrc!rit ranges of sensitivity in this way, :t corr- 
tinuous record may be obtairic~tl for the duralion of 

the expcrimcnt. Time and rate of tape movement are 
recordctl. If drifts occur which make it necessary for 
the zero position to be ajdusted during an experiment, 
the magnitude of this adjustment is noted so that 
suitable cnrrct:t,ions can be made in the final calcula- 
tion of concc:rit,rat,ions. 

17.32 Calibrahn 

Each arr:dyzc!r is calibrated in its field position by 
getting meter readings in car:lr sensitivity rangn for 
five or six known gas-air mixtures. The known mix- 
tures are prcp:~t:tl by allowing pure gas, contained in 
gas pipets of known volume, to flow int,o partially 
evacuated 20-l carboys. After equilibrium pressure 
has been cstal~lishcd wit,h the atmosphere the pipets 
are removed, and the bottles are allowt~tl to stand 
sealed until rmiform concentrations arc c!fitablished. 
Tn use, each bottle is opened and gas is drawn im- 
mediately from nc?aa its bottom through the Tygon 
satnpling tub: ant1 over the hot Glnracnt,. Tn response 
to this the recortlcr rrc:c?tlle quickly levels ofI’ ant1 re- 
mains for a short tirnc at a maximum v&c: rt:pro- 
scnting the specific conacnt,raLtion involvt>d. From 
xuch measurements, calibration curves of meter rcsd- 
irigfi versus concentration arc obtained. 

17.8.3 Calculation of Remits 

The time of arrival and the duration of :I gas cloud 
at the sampling point is rcutl directly from 0~: rccortl. 
Tlro concentration at any Lirnt: is obtained with the 
aid of the: calibration CUI’V~S. The total dosage is 
obtained by intograting the arcH under the total 
recorder curve. 

17.3.4 Notes 

I. This type of apparat,us has been used success- 
fully in the Geld with AC, CG, CK, NH,, NC>,, and 
butane. Doubtless it, could handle practically all other 
rionpcrsistent, gases as well. 

2. Th(? lower range of scrlsitivity of the apparatus 
varies with the gas. With buLsne, a cnnccnl,rtlt,iorr of 
0.05 mg per 1 can be mr:~1surcd with fair accuracy. 
For AC, the lowest coneont,rat,ion which can bc A- 
trci,c:d is approximately 0.1 mg per 1; for CK, 0.3 rng 
per I ; and for CG, 0.3 mg pc:r 1. The magnil,utlo of 
tlicsc: limiting values will vary with the qualiLy of tlrc: 
irisLrumt:rit, and with climatic: conditions at 111~ tirnc: 
of tlrc test. Scale readings arc not, necessarily linear 
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.17.4.2 Solutions 
A good grade of distillntl water must be used in 

making up all solutions. 

This gas can bc absorbed in water, hut, best] re- 
sults are obtninotl by using 20% ethyl alcohol. Suf- 
ficient IICl is addctl if necesssry to bring the cdl 
resistance down to 200,000 ohms. 

Cyanogen chloride is nbsorbctl in 20% ethyl 
alcohol to which 14 g of hexamcthylenetetramine 
per 1 hnvo bocn added. 

HYDROGEN CYANIDE 

Hydrogen cynnidc is absorbed in 20(% ethyl alto- 
ho1 t,o which 400 mg of mcrourir: chloride per 1 arc 
atldcd. Sufficient HCl is added, if necessary, to bring 
the cell resistance down to 200,000 ohms. 

17.4.3 Calibration of Results 

If hattery-opcrst,cd circuits are used, the records 
arc corrected for scalr drift al; as many points 3s 
ncccssary with the aid of Lhe calibration points 
recorded at the beginning and at t,he end of the: CX- 
pcrinient. If constant voltage alternating current, is 
used, the meter rcatlings are changed to cell conduct- 
anacs and these convcrtctl to gas concentrations with 
the aid of t,hc known cell const,ant, ant1 the tem- 
peraturt:. Actually, from data obt~ainotl in laboratory 
experimnnts, charts and scales arc constructed for 
each gas, from which the gas (:orlc:c:ntr:ttions can hn 
obtained tlircctly from corrected mt:tc:r readings. 

17.4.1’ Notes 
1. This inr;trument was designed originally Lo 

operate as an indepcntlcnl battery-powered unit>. As 
such, it has no peer among present field fiarnpling 
devicw for overall performance. Tt gives arrival times, 
durat,ion, total dosage, maximurn concmtration, and 
otlicr c:liuract,eristics of gas c:loutls with sufficient, nc- 
curacy for practically ,211 purposes. I1 will perform all 
functions especially nscribctl to the various samplers 
previously described, but, may not perform some func- 
tions as well as will ~omc of t,lie ot,her instrumt:nLs. 
For example, t,he retiponst: is slomcr than that, of the: 
hot, wire analyzer, and consnqucntjly, if the interval of 
time between a bomb burst and the arrival of the gas 
is ext,remely short, this Lime interval can be mctlsurcd 
more accurntcly :ml more easily by tho hot wire 
instrument. 

2. The: instrument is much ensior to service when 
opcratcd on a 115-v a-c circuit, and since there is no 
drift, in t,lic calibration points tlic records are simpler 
to evaluate. However, the use of xlt,ernating current 
restricts the location of the instrument and intro- 
tluccs all Lhe disadvantages of a wired experimenting 
area mentioned previously in discussing the hot wire 
analyzer. 

3. The lower limit, of sensitivity varies somcwbat, 
for t,he diffprcnt, gases but, in general, concentration 
measurements below 0.3 mg per 1 will not, bc reliable. 
Accordingly, total dosages from low concentrations 
over a long period of time cannot be obtain4 satis- 
factorily with this sampler. 

4. Tn addition to the toxic gases mentioned above, 
this analyzer bus been used succosafully with am- 
monia and sulfur dioxide. Distillctl water was the 
solvent, in cuch case. 

17.5 KC)TARY DISTRII~U’l’~_)K SBMPLER y ” 

Thn first rnotlcl of this apparatus was dcsigncd and 
built by a member of Division 10 at Dugway Proving 
Ground. Subsequent, changes in design were made in 
cooperation with t,hc Chemistry Section there:. 

17.5.1 Operation of Sampler 

This sampler was designed to pull air at a known 
rate t,hrough a bubbler tube for a controlled interval 
of’ time, and then shift, t,o another t,ube and so on up 
to as many as 20 samples with some models. This was 
tloric> t)y use of a continuously acting pump whicli 
could 1~: conncctntl successively to different, sbsorp 
tion tubes by the intermittent, movomont of a rotary 
rncchanism. The latest model was dcsigncd to operate 
by electrical impulses from a cc:nt,rtll control point. 
The current activated a solenoid which pc!rmit,t,ctl a 
ratchet mechanism to move forward one space. A 
clock spring mount,4 in the: instrmnent and att,ached 
to the rot>ary arm protluccd power for rotaCon. The: 
motion was quit,c rapid so that there was litt,lc t,imc 
lost bctwccn the: t,crminat,ion of sampling through one 
bu hblcr and the beginning of sampling on the next. 

The absorbing solutions and methods of analysis 
were essentially the same as those described in 
SecLion 17.2. 

.17.5.2 Notes 
1. When the instrument was used for t,llc duration 

of the cloud, it was possible to calculate the total Cl 
at the sampling point. IIomever, it was more than a 
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total dosage meter, for it, could be used to give the 
dosage, and, hence, the average concent,ration over 
short periods of lime up t,o the limit of sample tubes. 
Thus, it proved especially useful for obtaining “sur- 
prise” dosages from single munitions. The dosages 
for the first 30 seconds first minute, et,c., could be 
obtained very well. 

2. The sampler was used with power and control 
wires emanating from central points, and, hence, was 
s&j& to hazards caused by wire being cut by bomb 
fragments and to other disadvantages associalctl with 
the wiring of an area for t&s. 

3. An early model made use of an automatic startrr 
nnti was designed to be self-contained with no ne(:cs- 
sary cxtcrnal wiring. A pair of conductivity cells was 
arrangntl in a bridge circuit and connoctetl t,o a pump 
so that air was pulled through the ~11s in series. The 
presence of CX or any ngc?nt, producing :I c:ontluctivit,y 
ahangc up& the: bridge balance and trippctl a relay 
in the plate circuit of a single tube amplifier. The 
relay in turn startJed an alarm clock quipped with 
contact, on one gear which activated the rotary clistri- 
bution solonoiti. li’urther, by noting the time! of gas 
release ant1 the reading of the alarm clock aftor t,he 
test, t,hc tirnc: for the g& t#o reach the sarnplcr coulcl 
bc found within limits. 

17.6 THE F’IELL) ChNlSTEK TESTER 

This apparatus, which is sometimes rcfcrrotl to as 
the nwch,nnicaZ goat, was developed in the IXvision 
I 0 Ccntml Laboratory, NorthwestJern Univcrsit,y. It, 
was able to draw air t,hrough canist,ers in a manner 
tlosignctl to sirnulatc: the: human breathing cycle ant1 
was usotl to avaluatc the performance of canist,(:rs in 
actual gas clouds. 

Figure 8 is a st:hcrnutic: diagram of the field tester. 
The bellows pump C is operated by a small 120-v 
a-c motor Tl which is geared do~v~~ intr:rnall_v to 
25 rpm. The connecting rod which works the 11cllows 
can be connected to either one of two positions on the: 
crank disk which correspond to pump capacities of 
16 and 32 lprn, rcspoctivcly. Air is drawn into the 
l~cllows through the csnistcr and valve A and then 
forcctl out through valve B. 

T3y means of the small pump H, which maintains 
rctlucctl prcssuro in chamhcr 1, continuous sampling 
of the canister cfflucnt, st,roam is done at point, R and 
the gas is drawn through an appropriate absorbing 
roagont, in G. The: capillary J keeps the flow constant 
at, a known rat,c. Ry sampling with a conductivity 

meter at point F a continuous effluent concentration 
curve can be obtained. ‘I’hc pumps and motor arc: on- 
closed in a weatherproof cast ancl are prol;cc:tctl from 
the corrosive gases by a brcsther canister Ii’. 

17.6.1 Operation of the Tester 
Tho tester is always placed in the field beside one 

of the sampling dcviccs previously described so that 
the total tlosagc of exposure is obtained. The: solutions 
used in G arc t,llc: same as used wit111 the diaphragm 
pump samplers. The operation of the! conductivity 
meter, which is at,tached at point I1’, is tlcscribed in 
the prcviouc; s&on. 

17.6.2 Notes 

1. This apparatus was designctl and used on the 
assump&n that since the lethal dosagan of the 
several gases w(?rc known, it, would give more data, 
and more reliable data, concerning the pcnctrat,ion of 
canist,crs in the field than could bc obtJained by the 
use of animals. Vor a known exposure:, it, will give the 

OUTLET FOR 

BELLOWS 

totId efFluent dosage a1 a known breathing rate, the 
shape of the emuent CIITVC, and a measure of the 
amount of desorption from 1hc charcoal. In animal 
field experiments so far dcviscd, if the animal survives 
the gas cloud it is cc&in that he did not draw a 
lethal quantity of agent through the canist,er, but, if 
he dies, it is not known (a) whcthor the agent came 
through the charcoal or from facepiece leakage, 
(b) whet,her he died exclusively as a result of the 
agent or a combination of agent and strangulation, 
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(c) whether the dosage which came through the 
canister was large or small, or (d) whnther the animal 
died as thr: result of direct canister penetration or 
dosorption from the charcoal after the gas cloud had 
passed. 

2. With canisters that broke slowly, the conductiv- 
ity meter gave on1.y moderately valuable results when 
used in conjunction with this apparatus, because it 
did not measure low effluent concentration with 
sufficient accuracy. Accordingly, it, was found dcsir- 
able, whoncver practical to do so, to go into t,he field 
and change bubblers fl, at known times. In this way, 
effluent Ct values could be obtained accurately and 
the shape of the effluent CE curve could be obtained 
approximately. 

17.7 OTIIEK SAMPLING DEVTCES 

Mcnt,ion is made in t,his section of several sampling 
methods which were dovcloped and used by other 
United States and Allied agencies but which were not 
used in field experiments by Division 10. Reference 
is made also to some methods which offered promiso 
but which never got beyond thn developmental stages. 

17.7.1 The Snap Sampler 

Jn this device an evacuated vessel is opened at a 
selected time in a gas cloud, the air enters and sub- 
sequent,ly the amount of agent is det,crmined. An 
almost instantaneous sample is obtained, but since 
gas clouds arc not homogeneous especially in the 
first, few minutes of their cxistencc, the results from 
snap samplers may be misleading. If a number of 
consecutive samples arc taken the tliscrepancics tend 
to be eliminated, and a fairly accllrate t,otal dosage 
can be obtained by plotting concentrations vs time, 
and drawing a smooth curve through the points. 

An instrument which operated on this prjn,iple was 
made under a Division 10 contract, at Stanford Uni- 
vcrsity, and was used extensively at Dugway Proving 
Ground by the Chemical Warfare Service. It con- 
tained ten evacuated tubes which were opened at 
known time intervals by means of a clock mechanism. 
Various modifications of the device were madc at 
Dugway. A sampler operating on the same principle 
and known as the Kerthette is used at Suffield, 
Canada. 

17.7.2 The Ultraviolet Photornetcr l 

This instrument, which was developod at North- 
western Universit,y for gas sampling, will give con- 

centrations of gases (such as phosgeno) which ab- 
sorb st,rongly at a wavelength of 2537 A. It is used 
with a continuous recorder. It is prol)ably an ulti- 
mate standard in sampling for those gases for which 
it is applicable. The response is rapid and the calibra- 
tion can be very exact. IIowever, as originally built,, 
the instrument was not, sufficiently rugged for ficltl 
use and, since! it could analyze only gases which 
shsorbed the nbove-mentioned wavclcngth, it was 
not, used extensively. 

17.7.3 The Air Tnjcctor 

At Suffield, Canada, compressed air injectors were 
used to obtain total dosage during the passage of gas 
clouds of small duration. Over short periods of time 
the injectors could aspirate the gas through an ab- 
sorbing tube a2t a very nearly constant rate. The ab- 
sorbing solrltions wcrc analyzed by standard methods. 

17.7.4 The Tape Recorder 

This sampler was developed under a JXvision 9, 
NDRC, contract at, the University of C:hicago. It 
draws a known volume of gas through a @urns on a 
strip of specially impregnated filter paper. An auto- 
matic mechanism then moves the strip forward ono 
frame and repeats the process. The gas cloud is 
sampled at 2- or G-see intervals. The tape, which is 
cut and pc?rforated like a l&mm movie film, is an- 
alyzed b&y a photoeloct,ric measurement of the in- 
tensity of the color produced on the paper by the gas. 
Tho instrument, cm be set, t,o cover a fortyfold range 
of concentration, within the anticipated range. The 
instrument is portable and completely self-contained 
in a single small box. Considerable difficulty was en- 
countered in developing satisfactory tapes for the 
various gases, and, as a consequence, the samplers 
wcrc not used to an appreciable extcnl in the large- 
scale field experiments discussed clscwhere in this 
volume. 

17.7.5 Kadio Control for Samplers 

The rotary dist,ributor sampler and other samplers 
described in this chapter could be adapted t,o radio 
control. This would climinatc the problems associ- 
ated with wiring a testing area, and possibly would 
simplify many of the other problems connected with 
large-scale experiments. At Northwestern University 
experimental models of a radio transmitter and a re- 
ceiver were made which appeared to operate a rotary 
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sampler very ~11. TTowever, at the time this was 
done, the need for performing field tests without 
delay was so grcnt, that t,he models were set aside, 
and the experiments were carried out wilh Llle equip- 
ment available. With the new developments which 
are being made in clcctronics, there is no doubt that, 
in the future, cscellent, remote radio controlled 
samplers can bc made. 

17.8 SUMMAHY AND SUGGESTIONS 

In the course of the many Geld expcriment,s wifh 
nonpersistent gases performed or coopcrated in t,y 
contracts of Gision 10, most of the samplers de- 
scribed in this section have proved very rlseful. The 
nature of the experiment to be performed determines 
t,hc type’s of sampler that should be used. Acc:ord- 
ingly, an installation designed to do a large variety 
of Lests should have: sc:vt:ral kinds of samplers avail- 
able. 

If the chara&risLics of clouds libcratcd from single 
munitions arc to hc dot,ermined, recording instru- 
ments with a rapid rcsponsc arc nocc:ssary. In multi- 
ple bomb tests matlc over a comparutivcly large aroa 
the relative importance of rc:cortlirig instruments 
tliminishc:s, although some should be used; a large 
number of total dosage samplers, such as the hydro- 
static head pump and the: diaphragm pump, should 
be employed. 

If a test area is in the open country, without vege- 
tation, where many experiments (uxi~ally of short 

duration) may be run, it is doubtlessly advantageous 
to wire the area for alternating electric current in 
order to operate samplers. However, in wooded and 
jungle areas where wiring is cliffic:ulL to nc:c:omplisli 
and whclr: only a few experimerks can he performed 
bcforc the trees are defoliated as a result of the action 
of t,he gas, it is desirable to use independent, self- 
contained samplers as much as possible, und thrls 
rotluct? the stringing of wires to a minimum. 

In Iargo-scale &periments of from X to 4 hr dura- 
tion it was found satisfactory to use a limited number 
of rccortling inst,ruments at, strategic locations to get, 
arrival times, maximum concentrations, and cloud 
durations, and to ticpontl on total dosage, bubbler- 
type sumpl(~rs t,o furnish the remaining necessary 
sampling information. Hydrostatic head samplers 
were IHX~ in part,s of the: arca where the dosages were 
expected Lo l)r: high, ant1 diaphragm pumps wcrc 
placed at distant points whcrc only t,racc:s of ~RSCS 
were expected. The hydrostatic head pumps operate 
only for a limited time and hence musl 1)~ scrvicecl 
shortly before the gas is liberated. Accordingly, it is 
best to have them at accessible point,s. Also, they are 
easy to make from nonstrat,egic material, and thus, 
being expendable, can he placed right up in the 
target, area without danger of an irreplaceable loss. 
Because the diaphragm pumps will opcratc for lmm, 
they are good to put in distant and inaccessible 
placas since t,hey can he serviced long before an ex- 
perimc:nt, is scheduled to start, giving the operator 
umplc Lime: to lcavc: the! area before the cloud is 
rclcusctl. 
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Chapter 19 

STABILITY OF AEROSOLS AND BEHAVIOR OF AEROSOL PARTICLES 

By David Xincluir 

19.x DEFINITIONS 

A N mnoso~ is an assemblage of small particles, 
solid or liquid, suspended in air. By small par- 

ticlr: is meant, a pa&lo with a radius less than about 
60 microns. rl’llc usual rangc of particle radii in 
aerosols is from 0.1 to IO microns, although particles 
as small as 0.01 micron may be encountered. 

Aerosol is Ihe generic term for dust, smoke, fog, 
and haze. Drlst is c:ommonly thought of as solid 
particles of any rnut,crial blown up by the wind, 
smoke as solid particles of ash or carbon resulting 
from fires, and fog as waLt(:r droplet#s. These defini- 
tions are satisfactory for naLtura1 aerosols. For arti- 
ficial aerosols, a smoke is tlofinc!d as an aerosol of 
solid particles, and fog is dcfincd to include droplets 
of any liquid such as water, oil or acid. 

The different types of aerosol frequently overlap, 
Carbon may produce a smoke or a dust. Tobacco 
smoke is very hygroscopic: and consists chiefly of 
water droplets. When fresh, stearic acid aerosol is a 
fog of supercooled droplct,s, which slowly change to 
a smoke of crystal part&s. Haze may be composed 
of tine particles from any source. 

19.2 RANGE OF PARTICLE SlZ,E 

The rangn of particle sizes in the: various types of 
aerosol is rxmsidorable. Dust may range from fine 
particles of 0.1 micron radius or less, which product 
haze, to sandstorms having large particles beyond 
the range considered to be aerosols. Smoke is often 
composed of extremely fine primary particles which 
have r:oagulutr:tl t,o form groups (see Figures 1 and 2 
in Chapter 18, 1 and 2 in Chapter 22). Carbon smoke 
is composed of small primaries about 0.0.1 micron 
radius which coagrrlaLc into long irregular filaments 
that may reach several microns in length (see Figure 
3, Chapt,(:r 18). Screening oil for droplets should bc 
about 0.3 micron radius for maximum screening. 
Wat,cr fog droplets are much larger, ranging from 
4 to 40 microns in radi&. 

19.3 STAklLTTY 

The stability of an aerosol is dct,crmined by :I 
number of factors. The individual parliclcs may move 

about under the influencr! of several different, forces: 

(I) Brownian movement, which consists of random 
oscillaCons and rotations causing coagulatiqn, ac- 
companied by drift which results in diffusion to any 
solid object such as the walls of a containing vessel 
or the ground; (2) settling under gravity; (3) thermal 
forces, causing movement of the particles toward any 
object, colder than its surroundings; (4) eloc:trir:al 
forces; (5) acoustical forces; and (6) centrifugal 
forces. 

In addition, convection crlrrentn are usually present, 
which consist, of motion of large? or small regions of 
the aerosol relative to other regions. 

Finally, thcrt: may be evaporation, causing the 
particles to decrease in size and even disappear, and 
condensation which may cause the particles to in- 
crease in size until they fall out; very rapidly. 

Under ordinary conditions the stability of an 
aerosol is chiefly affected by the Brownian oscilla- 
tions and by gravity settling. Owing to the Rrownian 
oscillations the particles collide and tither adhere or 
coalesce. If the particles are solid they adhere to 
form more or less loose aggregates which may be 
roughly spherical in shape as those for ZnO or al- 
burr& or filamentary like carbon. If the part&s art! 
spherical droplets such as oil or water fog, t,hcy 
ooaloscc: t,o form larger spherical droplets. As a result 
of this coagulation process, the number of particles 
per unit volurnt: of aerosol and the number concentra- 
tion decrcasos, and the average size of the particles 
inrreancx. / 3 

Filtration of fine particles is largely a diffusion 
process (see Uiaptcr 23). Otherwise, oxccpt for an 
aerosol of very fine and highly concentrated particlan 
in a small containing vcssel,l diffusion is unimportant. 

The question often arises as to the effioimcy of 
collision, i.e., what proportion of the colliding par- 
ticles will adhoro rather than rebound. Tt would be 
difficull to observe the process directly under the 
microscope, but indirect experiments indicate that 
the collision process is lOO(z &icient. In most ex- 
pcrimcnts, the observed coagulation of solid particles 
is greater than that, calculated from the simple theory, 
and not, Ices, as it would be if the! efficiency of collision 
were appreciably less than lOOoI,. Tn the case of 

30.1 
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liquid droplct,s it can be safely assumed that, all tlrop- 
let>s will coalesce on collision. Whytlaw-Gray 2 finds 
that, his rxperiments on coagulation justify the as- 
sumplion of 1OO’i: eficicncy. Wc know of no experi- 
mcnts to contradict it. 

Numerous attempts have bcon made to surface- 
treat solid parLir:les,s or charge them electrically *o 
that, they would be less likely to atlhcrc on collision, 
I jut no significant effect, has as yet been observed. 
‘I‘hc only observed effect, has been either to cause 
aerosol particles t,o disappear rnore rapidly, or t)o 
cause the particles in powder form to adhere less 
tightly, thus making t,hcm more easily dispersed in 
an air jet, or by explosion. In the aerosol state, the: 
forces of adhesion arc always greater than any ord- 
nary forces of separation. 

Under the force of gravity, aerosol particles settle 
onto any surface having a horixont,al component,. 
The large particles scttlc out faster than the small 
particles, the rate: of setlling beingproportional t,o the 
cross-sectional area of the particle. As a result, hot,11 
the number concentration and the average particle 
size decreasc!. 

Because of their comparatively small size, tlic par- 
ticles adhere to whatcvcr type of surface they sott>lc 
upon, and the eficioncy is again 100% as in the? (:a~(: 
of coagulation. The forces of adhesion are grcatnr 
than the ordinary forces tending to pull the particle 
away from tlic surface. 

Whencvcr acrosnl particles are fourltl atlhcring to 
vertical or inverted surfaces, forces other than gravity 
must be present. 

Thermal and electrical forces are more common 
than generally realized. Dust near steam pipes or 
other hot bodies is precipitated onto the neighboring 
walls or coiling. Ink fog in print,ing plants or dust, in 
textile mills is precipitated onto the walls or ceiling 
by static electrification from the rollers or other 
machinery. k’ilt,ration is in some cases due Iargcly 
to static electrification. 

Acoustical forces are also fairly common. Sound 
vibrations above a certain minimum frequency, tic:- 
pending on the particle size, increase the rate of 
c:oagulxtion. Intense vi brations in factory buildings 
may cause precipitation, part,icularly in pipes. Thun- 
der claps and explosions arc known to precipitate 
rain and drlst. Air raid sirens and similar sourltl 
sources will precipitate natural and artificial water 
fog. 

Centrifugal forces large enough to cause coagula- 
tion or precipitation arc loss common. Small particle 

acroxols will travel around bends in pipes or t,hrough 
c:onsLrictions (provided they are free of &arp edges) 
without serious precipitation. For c:x:.i,mplc, a particle 
of 0.1 micron radius rcquircbs a centrifugal accelera- 
tion of one million times gr:lvit,y t,o precipitate it in 
a centrifugal separator. 4 Much of t,lic congirlation of 
small particle aerosols in pipes and duct>s is :M,ributa- 
ble to thermal, electrical, or acoustical forces rather 
than to centrifugal forces. This is not t,rue, however, 
for aerosols of lsrgc parLiclcs, i.e., radii above a few 
microns. 

One or the otlicr of these factors may dominate in 
tl&:rmining the stability of an aerosol. Tn a nat,l& 
water fog, st:t,tling is the predominant factor, as il; 
ususllly in in large particle aerosols. In flue? gases, 
which cont,ain very large numbers of very tine par- 
ticles, coagulation is very rapid at first. T&cl*, sct- 
tling becomes more important, usually dt,er emission 
into the atmosphere. In the case of scrc!c:ning oil fogs, 
evaporation and wind arc tlic: importanl factors. 

Dilute aerosols of tine solid part,iclcs that neither 
coagulate nor evaporate: may bc so stable as to per- 
sist almost indefinitely. For example, volca,nic dust, 
which may be expellatl int>o Lhc air several miles 
above sea level and which has a parliclc radius of 
0.3 micron, falls at, the vc:loc:it,y of about one mile 
per year. This is the sizt! of the: tlroplcts of a screening 
oil fog. It is the slow rat,c of fall of fine particles that1 
makes it, possible t80 maintain a smoke screen for long 
periods. 

19.4 SETTI,TNG OF MKBOHNE PARTICTXS 
II NDEK GRAVITY 

19.4:~ Uniform Particle Size or Homo- 
gcneous Aerosols 

In aerosols of uniform purlicle size, which may bf? 

produced in t,hc: laboratory by a method described in 
Chapt,cr 20, two cases may be distinguishctl: (1) set- 
t,ling when the aerosol is completely free from convcc- 
t,ion currents, called t#ranquil settljng, and (2) sc:tt,ling 
when the aerosol is kept, stirred so t,liat the concen- 
t,ration throughout, t,hc: containing vessel is uniform 
at all times. 

TRANQUIL YETTLINC: 

In tranquil settling all the. particles fall with the 
same: v&city. The cloud will have a well-dnfinod flat, 
t)op which will be observed to fall with a constant 
v&city equal to that of a single particle. This is the 
basis of a method of measurement of the parLicle 
radius of a uniform aerosol, described in Chapter 22. 
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The velocity of fdl in ccrdimeters per second is 
given by St,okcs’ law il of fall of smdl spheres in tt 
continuous viscous mdium. In air 

2 r”pg 
F-y -= 1.2x IO”pr”, 

t 

where 1’ is Lhc pt~rliclc rstlius in centimeters, p the 
particle densiLy, v Lhc cocfhcicnt, of viscosity of the 
:tir, ttnd (1 Lhc acc~clcralion of grady. 

This law is correct t,o 5O’ ,(, or twttcr for sphoricnl 
particles between 1 and 50 microns rdius. The par- 
Cries fall with a. velocity less than thst, given by 
Stokes’ lsw when they LWP HO large? R t>ha,t vr = v/pl, 
where p1 is the density of the :tir. For Rir v/p1 = 0. I 5 
and when r’ = 5Oy, vr = 0.15 for pnrticlcs of unit 
density. For such particles the velorily becomes HO 
large that, turbulence occurs, decreasing t,he vcloc:it,y 
more than does the viscous drag done. 

For smaller particles whose size is compurublo with 
the mean free path of the air molecules, it correction 
must, be applied to compensate for the tendency of 
the particles to “slip” between the air molcdc~, and 
t#hus move faster than predicted by Stokes’ ILLW. Thi6 
correction has been calculated from CJmninglmrn’s 
equnt8ion 5 and it, was found that the true rttdirls is 
given quite accurately 11-y subtracting 0.04 micron 
from the Stokes radius (in microns), for all radii be- 
tween 2 arid 0. I microns. 

P’or still smaller pa&Ins the correction is much 
I~gcr. How~vcr, the: vdocity of fall of particles be- 
low 0. I micron is so small that, it is extremely difficult 
if not, impossible to make observations of their sd,- 
tling vdocit,y. 

St,okcs’ law applies strictly only t,cl spherical par- 
Lidcn. Millikun i bus shown, howcvcr, that the: law 
holds quit,e well for particles whose shape is somewhat, 
different from spherical. 

Tn stirred settling the motion of’ the particles is 
complicated by random convection currents. Ex- 
cept for very large particles or violent stirring tlicrc: 
is little or no impingement on the walls or ceiling. 
Nearly all the particles eventJually settle on the floor. 

The horizontal components of convection current 
have no effect on the velocity of fall. Since the up- 
ward convection currents will, on the average, ex- 
:dly compensate for the tlownwnrtl convection cur- 
rents they also have no effect, on the velocity of fall. 
The? convection currents merely servo to keep the 
concentJration uniform throughout, the containing 

vessel. The result, is that the conccntr:&n continu- 
ously decreases fts the settling continues so t,hat the 
amount of aerosol set!tling out per unit, of time con- 
tinuously decreases. 

The: number of particles dn thut sct,tlc out during a 
smitll intorvd of time dt is proportionul Lo the number 
conrcnt,ration n at the time 1. The fraction of p>krticles 
having vr:loc:it,y of fall II that, set,tle out of it lectangular 
box of height h, in time dt is 

;& = A!?. 
‘II 

T3y integrating this equation we find that. 

71 = ra()e - d/h ) (2) 
where an is the initial concentration in the box. Thus 
the r:tte of settling (in t,erms of the number of pur- 
titles per second), as well as the number canccntr:l- 
tion, clcc:rrasas exponentially with time. 

10.4*.2 IIeterogcneous Aerosols 

In ordintlry aerosols, composed of particles of rn:my 
sizes, the srttling process is more dificult to Lmulyzc:. 
Again the two wscs of tranquil and stirred settling 
will be considered scp::~ratoly. 

In tranquil set,tling, u, differcntid separation ac- 
cording t,o size will occur, which rmy tw an:dywrtl as 
follows. Suppose at time t = 0 the concentrulion is 
uniform throughout the containing vc:ssc:l and no 
c:onvc:c:tion currents are present. Tlic: p:l.rticlns of 
radius T will begin falling with the constant velocity 
vT corresponding to that, radius, and will continue to 
frill with that velocity intlcpc~ntic~nt~ of larger or smaller 
particles. 

Consitlnr a layer in the aerosol ut a height, z Idow 
tlic: top of a containing vcsscl. At a time tl = X/VI 
there will 1~: no particles in or above this lityer, of 
radius grculcr than rl, At a greater time l2 k z/tip, 
there will bc no particles in or dove this la,yer of 
r&us greater than rZ, where r2 is less thun Q. (.:onst:- 
quently, observation of the decrease in number con- 
cent,rfttion nt >L height 5, during the time intervd 
t2 - tl will give the number of particles having veloci- 
ties of fall between v2 ~tntl ~1, or radii between rZ and rl, 
given by Stnkcs’ law. 

This is the principle of t,hc! tlifYerentin1 settler, 
described in Chnptcr 22, in which the decrease in 
number concentmtion is mcasurtd by the decrease 
in scattered light. 
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STIRHF:I) SETTLJNC: 

The analysis of stirred settling of heterogeneous 
aerosols ifi more complicated. Each group of particles 
of radius T will sot,tle exponentially, aC a rate given by 
equation (2). The following discussion is based on the 
assumption that the particles have a logarithmic 
probability distribut~ion. 

Most natural distribution curves are found to be 
skewed from the symmnt8rical probability dintribu- 
tion. The number at larger sizes decreases more 
slowly than at, smaller sizca in such a way that, the 
distribution curve is made symmetrical when the 
number at, a given size is plotted against the logarithm 
of the size. x,y This type: of di&ibrltion has been 
found approximately in the thermally generatntl 
smokes produced in t,he laboratory (see IJhapter 20). 

One can cliuracterizc! a given physical property of a 
heterogeneous aerosol, such as particulate volume or 
croes-sectional area, by an average diameter. For 
example, the totrtl cross-sectional arca of N spherical 
particles is pi=Ndi, whore 

4 = dC(nd2)lCn 
is the diameter of the sphere having the average area; 
and the: total volume of these N particles is j&~Ncli, 

with similar exprcseions for cl,, d+ CE,. These quations 
hnvo been integraled 9 and it is found that, in 
general, 

log (I;; = n. log d, + 2.303 7 log” GQ. (5) 

At time t = 0, when the aerosol is formed, the 
numbt-rr of particles par cubic centimeter having 
diamt:t,crs between log d and log d + 6 log rl is rLd 
6 log d. Therefore the initial total cross-sectional area 
per cubic centimeter of particles is: 

c,=g m ‘S d”nd s log cl = ; Nd . (0) 
0 

Similarly the inilial m,ass c:oncentratztior: in grams 
par cubic centimeter is: 

S 
m Mn = ;P d”nd 6 log d = f No/,& . (7) 0 

I>ne to stirrod settling, the mass concentration and 
cross section per cubic centimeter decrease c:xpo- 
ncntiully with time according to equation (2). There- 
fore, at lime t : 

6 log d , (8) 

where 
d.n = u:(ad”)/Cn 

and 

is the diameter of the sphere having the average Mt =~p~mfndexp(- $)S,ogd. (9) 

volume. 
If the ucrosol has a logarithmic probability distri- In Stokes, xcttling [equation (l)] the velocity vd 

bution of sizes, the number of particles per cubic in centimetars per second is 

centimeter having diameter d is: Vd = 3.0 x lWpd2. (10) 
N 

nd = iuga,l/~n exp 
_ (log d-log &)” 

- ~- - 1 . 
2 log2 U” 

(3) Taking the logarithm (t,o Ihe base 10) of C and 

Here ,V is the total number per cubic ccntimet,r:r of 
differentiating wit,11 respect, to E, we obtain on substi- 

particles of al1 sizes, d, is the geometric mean diam- 
luting the value of vd given by equation (10) : 

etcr, i.e., 
log d = C(n lo!4 4 

- $logC, = 1.3 x 10s; * 

‘” N ’ 
which is equal to the number median diameter in 
this type of distribution and go is tho geometric 
standard deviation, i.e., 

It follows that 

&J = c (n4 _ ~- 1 
N 

k [ 

log u&l 1/2?F 
m ( log d - log d,)2 

d2 exp -- -’ 
- 1 6 log d ) (4) 

0 2 log” U” 

For time 1, small compared to h/v, equation (11) 
becwrnes: 

s 

m 

-I $log Ct = 1.3 x 105;. -Om 
d+rLd 6 log d 

s 

A‘^-) (12) 
d”nd 6 log rE 

01 0 

- 
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Similarly : 

It can be readily shown lo that & is the median 
weight diameter, which is equal to the geometric 
rncan weight diameter in a logarithmic probability 
distribut,ion. Consequctntly, when the particle tlonsity 
is known, the median weight diameter can bn ob 
tained by measurement, of the decrease in cross sot- 
Lion per cubic ct:nt,imrter. Measurement, of thr: dc- 
crease of mass ooncantralion will yield da. 

By substit,uting the values of da nntl r& into equa- 
tion (5), the numbcr median diameter d,, and the 
gc:omet,ric standard deviation (TV, may be calculated. 
By substituting t,hc: values of ~1, and u0 into equation 
(3), the particle xizc number distribution curve may 
be calculatled. 

This is the basis of a method of particle Mizc distri- 
bution measurement described in Chapt,cr 22, in 
which the: gctJmetric cross snction is obtained by 
measuring Ike scattering cross se&on. 

1!).5 BROWNTAN MOTION. COAGULATTON 

19.5.1 Brownian M don 

In the preceding diac~lssion it was assumed that~ 
coagulation and the ot,hcr effects of Brownian mot,ion 
were negligible. I>ur: to the random Brownian mo- 
tion, the top of a tranquil set,tling cloud of imiform 
particles will IJecome blurrtxl. Similarly, the upper 
boundary of Lhe region of occurrcncc of particles of 
radius r in tliffcrcntial settling of nonuniform smoke 
will be slJrt:ad vertically. This effect is unimportant, 
except, for very small particle sizes. 

According to Einstein’s I1 and Smoluchowski’s 
equation of Brownian movement, the average tlin- 
placement, Z, in a given dir&on of a spherical par- 
ticle of ratlirls r in air in t,lic time E, is 

,-- x. RT t t --I = 4.8 X 10-O - cm 
N 3nvr 

(17) 
r 

at T = 293 I<. For a particle of radius 0.2 mir:ron, 
in I hr z = G.4 X lo-” cm, or slightly over M mm. 

If this tlisplaccmcnt is taken to be upward, then 
during the! same: time other particles will move! a11 

equal dist,anc:c downward, so that after 1. hr the: Lop 
of a cloud of uniform particles falling in fitill air will 
1Jc spread vertically over a distance of about, 1 ,Q mm. 
During this same time the whole cloud b-oultl have: 
fallen through a distance, given hy the? St,okcx-Gun- 
ningham equation of fall, of 2.5 cm. 

The spread of 1$/s mm in 2.5 cm corresponds to a 
particle size spread of 2 $$ %. This is considerably less 
than t,he spread of particle size? in the most uniform 
aerosols. 

1.9 .s 2 l,aw of Atmosphere 

Since the particles of nri acrosnl are in constant 
random motion, they exert, a prcnsrrrc just as do the 
molecules of a gas. 13~~: t>o gravity, the pressure and 
particle concentration, ix., the: density of the aerosol, 
will ultimately vary with height according to the law 
of atmosphere : 12 

nh = ne --mddh’~’ = ‘I1e - mh x 2.4 x 10’~ 
9 (1% 

wlwn T = 293 K. Hcrc ah is the number concentra- 
tion a1 a height h alx~vc the region where the con- 
contration is n, and m is the mass of a particle. 

As the aerosol IJsrticlee fall under the action of 
gruvit,y, and diffuse due to Browninn motion, the 
cloud appronchcs a concentration gradiant given by 
equation ( IS). The time required to reach (his con- 
centration gradient decreases with the size of the 
parUe, acxording to equation (17). Due to the 
settIling and adhering of the particles onto the floor, 
the magnit,udc of the concentration at any point will 
finally tloc:rcuse to zero, although the rate of disap- 
pearance is r&rded by the Brownian movement. 

It is seen that the concentration gradient increases 
rapidly with particln size. For example, particles of 
unit density of 0.01 micron radius will approach a 
concentration gnulienl, of 10 “/o per cant,imctcr. For 
such particles the rst,c of diffusion is approximately 
equal to the rata of full. For particles of 0.03 micron 
the final gratlicnt is 90y0 per centimeter. 

Above this size the final gradient, is so large as to be 
practically equivalent to complete settling. Snch sizes 
are well below the limit of usefulness of settling 
met,hods. Thus the law of atmosphoro has no practical 
significance in aerosols of particlc size greater than 
0.05 micron in radius. 

Perrin ‘2 found considerable effect in hydrosols for 
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particles of &out, 0.5 micron radius. Due to the 
buoyancy of the water, the c:onc:c:ntrLLtion gradient, is 
much Icss t,han in air. 

19 .S .3 Coagulation in a Homogcncous 
Aerosol 

It, has been found experimentally that due to 
f:oagul~~Ltion ulonf: the particle concf+ntration in a 
uniform :wrosol v:u+ics inversely with t,he timf? ” 
that, is : 

I I ---= ,Jpt I (19) 
‘rl WI 

whcrc ~1,~ is the initial particle concentration, and 
x is the: c:oagul::~tion c:onst,tmt. The differential cfl~l:t- 
tion of this prof:css is cviflent#ly : 

showing that the: rat,c of coagulation is proport,ional 
to the square of the f:onf:cnt,rut,ion. 

According to the: tllcory of Smoluchowski Ia SC in 
cflual to 4k?‘/3q = 3.0 X 10-10 cc per set in air at, 
T = 293 K. Thus tllc! rate of coagulation is indo- 
pcndent, of psrticlf: sizf:. Tlic cfluation is, of coursf:. 
true only during tlic initial xtagcs of coagulation bc- 
fore t,he proc:c:ss has introduced appreciabln nonuni- 
formity of particle size. 

The coagulation eqrlation has been tested oxpcri- 
mentally by Wliyt,law-Gray I3 who ohtainefl goof1 
agreement, c&h the theory when using approxi- 
mately uniform particle size aerosols. 

This equation holds only for particles that arc 
large compared to the mean free path 1. For smaller 
particles, the Cunningham correction must, hf: :y)- 
plif?d. ICquation (20) then becomes la 

(21) 

In air at room temperature, the mean free: path 
1 = 1OP cm. Consequently, flue t,o tlic Cunninghem 
correction 1 micron radius pwticlf:~ f:oagul:kte 8 “/;, 
faster, and 0.1 micron raflius particlf:s 88yJ fester 
Lhsn 1.0 micron radius particles. 

The rate of coagulation at orflinary concf:~l~,r~~~,ioIl~ 
is q&c low. For example, rewriting equation (20) in 
terms of the per cent coagulation pf:r lion, gives: 

- l.002 = 1.08 X IO-.%. (22) n 

Taking a = 10” (the concentration of a screening oil 

l’og of 1X<-It visibility) it is seen that approximately 
11 Y0 of the particles coagulate per hour. A concentra- 
tion of lo5 particles per cubic centimeter is also 
frequently encountered in the laboratory. Due to 
the Cunningham correction, the rate for I and 0.1 
micron particles would be increased to 12 and 21 (X, 
respectively. 

19.5.4 Coagulation and Stirred Settling 
Conihined 

The calculation of the rate of disappearance of 
particles due to both coagulation and settling is more 
complicated. 

Tn the early stages of the life of a stirred uniform 
particle size aerosol the flecrcnsf: of particle conf:cn- 
tration is given npproximntf:ly 11-y aflding cqw~tion 
(20) t,o the fliffcrcritial cqw~tion of c:qw&on (2). 
That, is : 

c&n 
- - = xra2 ++, . (23) 

The solution of this equation is 

-= ~;+(~+;)e-.7~tu/A. (24) I 

71 

lpor times short compnrf:fI to h/v, e- “‘lh = 1 + vt/h 
so that, equation (24) lxxwmcn 

1 1 
-=;“+ ac+; t. 

( > 
(25) 

'IL I 

l’or parl,if:lcn of 1 p radius whfx~ h = 100 cm, h/v = 
I O4 8f:f:. Tlimcforc efluation (25) is reasonnt~ly corrfxt, 
for >L pf:riod of about 15 rnin proviflefl the concf:ntr:r,- 
tion is not much over IO5 per f:ubic centimct,cr. 

If ~/YL is plott,ed against limr: a straight lint will be 
obtained having the slope x + v/h and Ihe intercept, 
l/~b,. Thus if X is known I’ may be calculated, and 
conversely. 

This is the basis of a method of particle sitie meas- 
urement,, tinscriboti in Chapter 22, in which n is 
measured by measuring the intensity of light trans- 
mitted by the aerosol. 

The general equation of coagulation of a heLero- 
geneous aerosol in stirred settling was derived 1)~ 
Cioldman.14 It was assumed that the aerosol is com- 
posed of spherical fog droplets which coalesce on 

collision to form larger spherical fog droplets. 
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Let the: distribution of particle size be given by 
&b(r) = ~(r)rlr = number of part&s between r and 

s 

m 
r + dr. Then n(r)&- = N = total conc:cnt,rat,ion. 

8ince the di:t,ribution changes with time, n(r) = 
n(r,l). The total concentration N tlocs not depend 
upon r, so t,11at, N = N(t). 

The Smoluchowski expression for the number of 
collisions par second between particles of radius rl 
and r2 in a 1ictc:rogeneous smoke is: 
v(rl,r2) = 4nW[w(r,) + w(r2)](rl + Q) 

n(rl)drln(r2)drg (26) 

VI(~) is the mobility of t,hc: particle, given by t,hc 
St,okcs-C:unningham law, as : 

w(r) = rs J (27) 

where: LY = n I; n = constant; 1 = mnan free path 
of air molcc:nlo; q = viscosity of air. 

Let X” = (4/3) (ICY/~), the coagulation constant 
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for lurgc: particles, and let 

dcrl,T2) = CT1 + 4 . cw 

Then 

(29) 

This is t,he general equation of coagulation’6 of 
which equat,ion (21) is a speciitl case. 

The number of particles of radius r settIling out 
onto the floor per sccontl [see equation (2)] is 

vcr) = Xn(r)dr . (W 

h, is the height of a rectangular box, or the rat,io of 
t,ho volume to the floor arca, u is the Stokes-Cun- 
ningham velocity of fall: 

v = mgw(r), (31) 
where 

4 
1n = - IrPp. 

3 
Let 

4 

IL = s (r + a) . (32) 

Then 
v(r) = u(r)~n(r)dr. (33) 

At each collision with one another the part&s are 
destroyad as such, but, a new partJicle is formed by 
coalescence having a radius corresponding t,o the 
sum of the masMos of t,hc: two original particles. Hence 
the tot,al rat,c of chsngc of particles of radius r is: 

- u(r)n(r)dr, (34) 

&h(r,t) xu m 

at --S 2 0 
~~r,~)~(l-,t)~,(z,t)r 

In the second integral the range of x is from 0 to r, 
and y is tletermincd by t,ho equation y/” = ~3 - 2”. 
This nquation cxprcsses the fact that, in coalescence, 
the volumes add. 

The above is the funtlamcnt,al equation whose 
solution gives tlic number of particles of any size at, 
any time when a given initial distribution is placed 
in t,lic box. 
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This is a nonlinear int,cgro-differential equation 
whose solution has been obtained in certain special 
cases,lB nnmoly : in an initially homogcncous aerosol 
when either t,hc coagulation or the sot,tling is pre- 
dominant. Since: the ccl&ions are rather complicated 
they will not, be given hcrc:. 

Figure 1 shows a numerical solution for a particular 
cast of the diff(!rcntiul eqrlations derivotl from equa- 
t,ion (35). The! smoke was initially homogeneous, of 
radius rl = 0.83 micron, and concentraztion nl = 
5.X X 106 per cubic centimeter. Terms nl(l), YL~(~), 
and ‘yLB(L) are the relative number of part&s of radii 

rl, u2r1, and v$i present after time t. 

19.6 I~EPCMTION TN CENTRIFUGAL 
FIELDS 

A particle in a field of force of acceleration a, will 
move with a terminal velocity u given by St,okes’ 
law [equation (l)] as follows: 

2 r”pa u=--. 
9 r 

(36) 

As stated in Section 18.4.1, Ihis equation will hold 
as long as vr <v/p1 = 0.15 for air. 

When vr >> 0.1.5 the mot,ion lxxomes turbulent and 
t,lir: terminal velocit,y of the particle (relative to the 
air) is given by Ncwt,on’s law for botlics in turbulent 
motion : 

1/ 
srpu v= -. 

* Pl 7 
(37) 

Here p is the density of the particle and p1 is the 
density of the air. It is seen that, t,he velocity is no 
longer dopcndent upon the viscosity of air. hllcn I7 
found that this equation holds when vr is about, 100 
times greater than ~/PI. 

If aerosol part,iclos are given a sufhcicntly high 
cc:nt,rifagal acceleration by causing a sutltlcn change 
in the direction of flow, they can be prtxipitated out 
of the aerosol. Various forms of such precipitators 
have been conslxucted, such as ccnt,rifugal separators, 
impingers or impactors. They may bc very effectivr: 
for large particles but are frequently ineffect,ive for 
small particles. 

The part&s may be precipitJst,otl by directing a 
jet of aerosol against a collecting surface. In this type: 
of precipitator t,ho jet must have a high velocity and 
the change of tlircction must take place in a small 
distance in o&r that the acceleration may be high. 
ConsequenUy the length of time during which the 

particlc is in the high cnntrifugal field must, of npces- 
sity be very small. 

The centrifugal acceleration B = V2/R, where R is 
the radius of curvature of the pat,11 of the particle, 
and V is the jet, velocity. 

Substituting the value of the acceleration a, into 
equation (37) yields the following value for r, the 
minimum radius of the particle which will bc 
precipitated: 

3 p1 v” r=---7R 
8 p V” 

= 4.5 x 10-4 + 
0 

k (38) 

for a particle of unit density in air. 
If WC replace v by d,/t, where d, is the dist,ance the 

particle must travel rel~~tivc 10 the jet of aerosol in 
order to reach thr: collector during tlic: time t, and 
if WC replace I/ by d,/l, where rJ1, is the distance 
traveled by the jot of aerosol during the same time, 
we obtain : 

d, 2 
r = 4.5 x lo-4 7 0 R* 

‘0, 

Consequently, if R or the ratGo d,/d~ or 
timall, small particles will bc precipitated. 

b&i are 

In tht: impinger or impactor’, R is ma& small by 
placing the end of the jet tube near the collecting 
plate:. 

(3% 

The ratio d,/d, may he made small 1)s passing the 
aerosol through a long spiral tube of moderately 
small radius. ‘I’llis results in a considerable scpara- 
tion of the particles according to size, the larger 
particles being, of course, tlcpositjcd first. The use of 
this type of separator is clescribd 1,~ Abramson.‘” 

19.7 ELECTKICAL EFFECTS, 
PKEC:ll’ITATJON 

19.7 .I Charge on ~Honlogcncous Srnokc 
Particles 

The electrical charge on the particles of homo- 
gcneous smoke was investigakcd. The homogoncorrs 
olcic acid fog produd in the usual way with electric 
spark (Chapter 20) is electrically almost neutrxl.lY 
Only 5 y0 of tho part,icles are chnrgctl, mainly positive, 
and with small numbers of electronic charges ( I t,o 4) 
per particle. Thoxc observations wcrc made in a 
Millikan oil drop apparatus using an electrical in- 
tensity of 500 v per cm. 
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19.7.2 Unipolar Smoke 

linipolar charged smokes are produc:f:fl by a direc!L 
f:urrf:nt corona dischwgf: from 3 neefllc point at a 
potential ol 10,000 v. This potent,ial is obtainable 
from 8. 2VX R)CA r’ecLifif:r tube. The necfllf: point, 

wax plaf:f:tl in the center ol a 2-1, three-ncf:k flask 
thro~~gll which the electrically neutral hnmogfx~f~ous 
xrnf)kf: was passed. The ot,hf?r electrndr f:onsistf?d of 
an :r.l~uninum st<rip placed insifle on the bot,tjorn of the 
flask. Tlif: f:li~l.raf~t~f?ristics of t>hf: nega:ative uriipolar 
charged srnokf:, obtained when thf? needle point \vas 
negative, tw HS folloms : 

1. Abo111, 99 (j:, of the droplf%~ we charged. 
2. Droplet f:lwgf:s are high, 25 to 50 electrons pf~ 

flropl& These f:llargf:s were observf:fl in a Millikttn 
oil drop aplx~ral,us using an ele&cal int,ensity of 
90 v per cm. 

3. IXlut~ion witB air from 1,000 to 32 pg per 1 has 
no significant, effef:L on tl-if> droplet f:h:wgf:. 

4. High humitlitSias have no efffcct. on the droplet 
chgr. 

5. Tlif: mass conf~crlI,~:~,t~inn of’ t,h ncutml smoke 
may hc fIf~f:rf:ased by as rmlf:li as (j5$$ tlr~r i,o passage 

through t,llf: fwrona dischargf~. 
lj, The nfmll)f~r of speclr:l (( %aptJer 21) in ~llfl 

Tyndall hrarn as count,ed hy Lhf: naked eye rrmy l)fl 

decrear;letl ?),y ?d to 1 speclxurn fxl pa~s:xgF: ~~rl,\vf~f:ri 

the electroflfx 
7. This srnokf: disappears wit,h great rapidity \vllf:rl 

intwdwed intSo :.I, flask or other f+liamhf:r. 

Jr)*8 M.OVl5MI’,NT c)V 1’AK’I’IC:LES IN A 
THERMAT. I:HAI)TII:NT 

df~f~nf~l parUes in :.I, t,f:mperaturc ~raflicnt are 
:wt8fxi on by a l’orf:c flirf.wtJly pro~)ol~tiorla,l to the tem- 
pf9xture gr’adit-.rit,,20 ant I inversely proport~ional l,o Lllc 
al)snlutJe temper:~Lrwf:. When introfluf~f:fl into a region 
1)etwf:f:ri t\vo bodies at, flifforent ternp~r:l,t,llrc?s, par- 

ticles will move t80w2rfI Llif: fwlder body arifl flf:posit 

011 it,. 

The rnct~hofl of calculat~ion of thr! force acting upon 
a spherical part,if:lfl in a tJherrnal force field depcnfls 
upon t8he relative valnf:s of the p:wtif:lf: radius )a, and 
lbr: mfxn free path r! of t,he gas rnfJf:f:ules.” When 
‘r >> I the force is proportional to (I”rp/Y’)(d?‘/&:), 
and when r’s 1 t,llf\ force is propor+ional to (Zr”~/2’) + 
(<I!Y/&:), where p is thf? pressure ant1 7’ the absolute 
t,f:mpf!rnture. 

It, was found z that when r > 0.5 micron t,he 
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vclof~it,y is independent of particle size. In the region 
hrtwfwri 0.05 micron ant1 0.5 micron, Llicrt~ is a two- 
lolfl flonronse in velof*it,y with increasing part,icle 
radirfs (Figure 2). IIenct: thr:re exists a rlcfinite possi- 
bility in tllis range of using :I, t~liwmal gradient, for the 
wparation of smoke part,if:lf?s according to size, a,nd 
tlienf:r obtaining t>he size tlist,ri bution. 

Various t,ypf:s of thermal separators have been flis- 
cussed else\\~llcrf:.“‘~“” I3ecause of thf: limited nizfb 
range ol’ applif:ahility, this meLhot of size distrihu- 
t,ion measurernf:nt has not as yet, hf:f:n developed cx- 
perimentttlly. 

A method of sampling smokf: particles without, 
sf?pnration ar:f:orflirlg to size is desf:ri1)f:d in Chapter 
22. 

19.9 COA(: IJLATTON BY SO.NTC ANII 
S~LTPEKYONTC V1kiKA.‘1’1C)NS 

It is wf:Il known that sn~rrld of supersonic freflucncy 
and high intf?nsi ty will f:ausf: t8hf3 r,apid co:tgul:~t,iori of 
smoke. For fwmlple, Andraflf: 2a and Parker 2J fb 
served t#he f:fwgulation ol magnrsium oxide smoke 
using frefluenf~ios of 22,000 c, anti Rrandt and 
Hiedemann ‘LL coagulated tohaf:co and ammonium 
f:hloride smoke using fraquencies of 10,000 to 20,000 f:. 
St. Clair p(i founci that, a frequency ils low as ,1,000 c 
at an iutjf:risity of 0.2 w per sq cm (153 dh) aausf:fl 
rapid faoagulntion of ammonium chloride srnokf: of 
1 micron 1;2dius. 

Ibwgf: particle aerosols, including natural and 
atrt,ifinial water fogs of flroplf!t radii Irorn 4 to I (j 
mif:rons, can be coagulatf:fl by sound 01250 to 1,000 c 
providf:fl suffcient, energy is generated. The available 
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theory of the phenomenon indicates that, tsoimd of 
350 c should cause nearly as rapid congulalion of 
natural water fog as any higher frequency. 

At such frequencies, the: absorption of sound in air 
is negligible. At 3 1requonc.y of 10,000 c, lrowevcr, the 
soured intensity is reduced IO dh (a factor of 10) every 
150 ft. At higher frequencies, the adsorption is much 
greater. 

19.9.1 Theory 

The coaglrlation of an aerosol by gouged vibrations 
is due to at least, t,lrree effects: (I) the motion of 
different sized particles relative to each other, (2) at- 
tractive forces set, up between particles by tlic air 
vibrating between them, and (3) vortex motion which 
occurs around large pert,icles. 

These effects vary in diffcrcnt ways with the size 
and density of t,hc part,icle and the frequc:nc*y and 
intcfdty of the sound. 

I . For supersonic frequcnaics in small particle 
aerosols and for audible frequencies in large particle! 
aerosols, the different size particles will vibrate with 
different, amplitudes, the smaller particles having the 
larger amplitude. The largest particlns will have: 
practically zero amplitude. Conseqrrently, tlir veloci- 
tics of the parti(:lcs relative to one another will bc 
increased ant1 the probability of collision thereby 
increased. 

In or&r Lo determine the depondcnae of the par- 
ticle velocity upori frequency and particle sizt: it is 
necessary lo assumr: some law for the force on the 
particle moving through the gas. In an intcnsc sound 
field the veloc:itjics vary from about 7 cm per set at, 
120 ilh (1O--4 w per xq cm) to al)orrt 2,000 cm per set 
at, I70 rib (10 w per sq cm). 

As stated above, Stokes law holds only when 
VT’ < v/pl. In :I Bound field, u is the velocit,y of vibra- 
tion of the air relative to Lhe particlo. For air, 
9 = 1.81 X 1O-4 poise and p1 = 1.2 X 10 ‘3 g per 
cu m, so that v/p1 = 0.15. When r = IO microns and 
v = 1.00 cm per set, ?)r = 0.1 so that Stokes’ law is 
valid only for the smaller particle sizes and air 
velocities. When r = 1 micron or less, &ok& law is 
valid for much higher intensit<ics. 

Koenig 27 has shown that, in general, the force de- 
pends upon the accclcration as wc?ll as the velocity. 
However, the approximate frequency necessary to 
obtain the maximum velocity of the particlc rclutive 
to the air cm be obtained by assuming St,okos’ law 
to hold. According to this law, t,hc force of r&stance 

acting on a spherical particle of radius )I, moving 
through a viscous mctlirlm with velocity II is F = 
hyv. 

On this ussumpt,ion St. Clair 2(1 has &rived the 
following expression for U, the amplitude of ‘the! 
v&city of :L particle relntiix: b 2he nG in a sound 
hltl. 

~ ^ . v = v$7*i2 (4oj 

IIere 1~~ is the v&city amplitude of tlic sinrlsoidal air 
vibration, w = 27r times the frequency and k = (9/2) 
(q/+p) where p is the donnity of the particle. 

1.0 

0.1 

RADIUS IN MICRCM 

P~~~TRE 3. hln~bivr: velocity b/we, as a functiw r-rf fre- 
qmncy and lmrtirle radius, r. 

Figure 3 shows v/v0 plott,c:tl against 7 for several 
values of the frequency. Tt, is seen that, in tlrc neigh- 
borhood of 440 c, the rr>lutive veloc:it,y has nearly 
reached its maximum at a radius of 10 microns. 

Various cetimates 2x of the radii of natural fog 
droplets give the lirnit>s to he 4 to ~40 microns, the 
large sizes predominating in radiation fogs. Although 
the above calculation may give only the order of 
magnitude of the relative velocity, it is evidont that 
different sized particles will have different amplitutlcs 
and phases of vibration, which will increase the ratn 
of coagulation. 

It should hc pointed out that this particular cffcct 
is greatest for comparatively low frequencies. Figure 
3 shows that, 100 c might be more effective than 440 c 
in a large droplet radiation fog. Droplets of 5 micron 
radiae would have very low relative velocities and 
droplets of about 20 microns radius, very large 
relative velocities. 011 the other hand, at, 5,000 c, all 
tlroplet,s above a,bout 5 microns radius would remain 
motionless in the vibrating air. Smokes of purticlo 
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radii less than I micron would require frequencies 
:bt,ovr 5,000 c tn impart different relative velocities 
to thr? particles. 

2. The increased motion of the particles relative to 
c:at:h otCher appears to be of secondary importance! in 
causing coagrllation when compared to the hgdro- 
clynxmic forces of attraction between two particles re- 
sulting from the motion of the air between them. 
‘1’1~~ forces are greatest when the relative velocit,y of 
air and particles is greatest, which does not IMXS- 
sarily mean when the particle is mot~ionless. 

DIN: to the inertia of the parMe, its vibrations are 
more or less out of phase with the vibration of t,he air. 
Consequently, when the relative velocity first, reaches 
a maximum, the particle will not be Aanding still but 
will be vibrating with considorabl(: amplitude, 180’ 
out of phase &h the air. lj’or example, since the 
actual velocity amplitude u of t,he particle u is: 

a lo-micron part,icle whose relative velocit,y ampli- 
Me is 0.95 ofI at, ,140 c has an actual velocity ampli- 
tude of 0.28 vu. 

Koenig 27 dorivc4 the following equations for t,hc 
c:ompononts of force: l~c~,wc:c:~~ two spheres in a sound 
fkltl. Supposn tlic particles arc stationary and lie in 
the: I--l- pInno, their lint: of c:c:ntcrs making an nrlglv 

19 with the 1’ axis, and the sound vibration is in the 
1’ dircc:tJion. ‘Chc force conlponcnts arc then : 

HPW r1 and r2 are the radii of the? particles, d is t,hr: 
tlistance between them, p1 is t,llc: density of the air, 
:md c,) is the velocity amplitudr: of the: sinusoidal air 
vibration. 

The dcriv:&n of the above equations is also given 
hy St. Clair. 26 It, is int,eresting to note that the SBIX~C: 

distBrit)ut,ion of forces exists aro~mtl two magnets when 
t<heir axes arc parallcl, at distances large: compared to 
the lengths of the: magnets.zY 

b’or two particles of the same size whoso line of 
ccmters is perpentlic:ular to the air velocity (0 = n/2), 
the resultant force is an attraction along the line of 
ccnkrs of mngnitudc: 

When the line of centers is paralh?l to the air velocity 
(0 = 0), the resultant force is a repulsion along the 
line of ccntcrs of magnitude : 

y- = “y!!% . (45) 

TIICM: forcots 11~~: hecn c:hct:ketl experimentally by 
(korg Thomas.3” 

Somt: idea of the rate of coagulation caused by tllr: 
hydrodynamic: forces can be obtained by integrating 
the equation of motion of two particles attracted by 
the force X. Assuming that the motion of the par- 
ticles to~artl each other obeys Stokes’ law, StI. Clair 26 
obtains tlic following expression for the time of ap- 
proach of two particles, separated by a distance d, 
whose line of centers is perpendicular to ?hJ: 

(46) 

If d is the avcragc: distance of separation of the 
droplots in a uniform fog, t is t,lic svorago time! for 
each pair of droplots to collide onoc, thus halving the 
numbor of droplets. At constant mass comont,rat,iori, 
tlic scattering p(?r unit, mass is invcrsoly proportional 
to the ratliui for Iargo particlcs (see C%spt,c:r 21). 
Therefore, halving the number of particles will in- 
crease the visil&ty by 26% since the radius will 1)~ 
increased 1,~ the factor 42 = 1.26. 

Expressing L(lr in terms of C, the mass concentru- 
tion in grams per cubic centimeter, we have for an 
aerosol of spherical particles of unit, density: 

f = 0.M 
2 5/3 

voc 
(47) 

Ths for a given mass concentration, the time re- 
quired to halve the number of particles in a uniform 
aerosol is intlcpcntlcnt, of the pnrticlc size, or the: 
dintancc l,ct,wec:n thorn. 

This equation is 1)asotl on the: assumption that the 
concentration remains constant after coagulation, 
which, of course, it will not do because of precipita- 
tion of large coagulated particles. However, as dis- 
cussed below, the coagulation is quite rapid, par- 
ticularly for dense aerosols, HO that the equation is 
valid for short times. 

Since the average acoustic energy per cubic centi- 
meter of air is % p&, the intensity of the sound is 
% pl$, V where V is the velocity of sound in air and 
is 3.44 X IO’ cm per sec. Thus the time to halve the: 
number of particles is inversely proportional to t,lic: 
sound irknsity and to the five-thirds power of t,hc 
mass conccntratJion. 
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A dcnsc water fog of IO miworrs radius tfropletjs, 
having it visibility of :~bout~ 20 It, (99(x, of light, 
scattered in 20 ft,), has :I c:onc:cntr~~t,ion of :Ll)out, 10 
g pc:r cu m. For u, fog of this concentrnt~ion, t would 
hc of the order of 300 s(:(: 31 lfi0 db anti 3 X 10” wc 
at> 140 (lb. 

Ln experiments on water fog, t,he olwrved timt: 
required l;o doukrle the: visibilit~y was of t,hc order of 

one hundredth the time c&ulatcd from the nbovr 
tlwory. For exrtmplo, :.L 4y2 micron r:ltliIlx fog of 
50 ft, visibility (I: = 2 g per cu m) gave: tlollhle the: 
visibility in itbout 1 min at 135 dh. 

Thin discrepancy is dur in part t,o t,hc: :wlmqtion 
that (I is the nvcra,gr> distance of wp:w:Aon of the 
part~ic:les in it uniform ~~crosol. If the :wwol is not, 
uniform the different, siwd particles will have clif- 
fwrwt amplitudes ant1 phases relative to cat:11 othw, 
11s already describrtl. Consequently, different, sizrd 
purticles will frecIucnt,ly approach much closer t>h:.m 
lhc distance d (about, r:qu:~l to the amplitlrde of the: 
sound vibrations), Since: t>lic force of attraction vnrks 
inversely as the fourt~h power of the: distance, t,llc: 
small values of d will predominntt: in their effwt on 
coagulaGon. li’or inst,ance, if a wluc: of $$d n-erc: uwd 
in the abovc c:~lwlat~ion, the time: \vould IJC rw111c:ed 
hy a fact,or of 32. 

St,. Ckr %!; found the 8:kmc tliscrepnncy lwlween 
the w,IcuM:tl :tnd observed t>irnc: in his eqwrirn~nt H. 
He ot>servc:tl Ibn coftgulation of I micron r:Ldilis ~tm- 

monium chloride: smoke by wuntl of 4,000 c t>o 1~: 
30 timw fwlcr than calcul:kd :tcrording l,o the 
ntwvc: t11cwry. 

Rntlrt~tlc showed also t,h:itl vortlex mot~ion is the 

wiuw of Ibe strirttiona in t,ti(: large dust piwt,ic:les in a 
Kuntlt, tube. The distance lwlween the st&tions is, 
conr;cyuc:nt,ly, not equal to twiw the amplitutlc of the 
wuntl vilwat,ion as might hc: expected from Ihe ex- 
pwirncats of Koenig ri ant1 Fhbi?lSO~l.“” Therefore, 

the sound intensity cannot he obt3ined from t,lic! 
sp:wing ol’ the striat>ionx. hndrade measured the: sountl 
int,Wsitly by observing t,he amplitude of vi t)ration of 
t8hc: 0.25-micron radius particles in tobacco smok(b 
which vibrate wit,h tbc sound :tmplituclo of tlic: air. 

Vortex motion irihil)ils the hyclrotlynamic forws 
so that t,he Rocnig quations for t8hesc? fortw do not 
apply when w > 035. The anomnlous cxpc!rirnent:tl 
reauk obtairwd by Gorb,ztchw ~ntl Swrrnyi 3Cj ftr’e 
probably due to vort,ex motion. They ot>norvc:d t,lw 
forces betwwn t,wo water drops, supportawl on wp:k 
rate glass threads in ~1 mind t#unnel, ns well as in LL 
“sound” field of frquency 1OP c. They found th(l 
directiow of tlic: lorcea to be just, ttic rwws(: of those 
given by the liocaig theory. In t,he wind trmncl ex- 
periments t>hc: wind velocity was I5 cm pw wc and 
t,he droplet, ratlius of the order of 0.5 mm, HO that w 
was of the: ortlcr of 0.75. The nnomalous rwrlts oh- 
tainetl by sc:vcr:tl other inveatJigatJors have been 
shown by hntlradr al to be due to vort,c!x rriot,ion. 

The resulta of tlrr: theory may be summariaed as 
follows. 

2. Ttic: rcltkive rate of c:o:lguI:3,tion of uniform 
~:rost~ls varies direct,ly wi Lli the sound intensity, arid 
invwwly with the five:-thirds power of t#he rn::bss 
coriwntration of t,he wroxol. 

3. 1nsof:tr a~ the congulatiorl is tlw LO the relntivc: 
motion of different, sizt:tl ptwlicles, there may I)(: :tn 
oplimum frequenc:.y for which the coagulntion rate of 
a nonuniform :wrosol is :L masimum. 

19.92 Experimtw 1s 

Lnborat~orp c:xpc:riments at, Columbin, I;nivcrsity 
and fieltl t>c\sl;s :tL Lunken Airport>, C:inc:inn:~li, Ohio, 
have sho\vn that, st~md 01 audible frequ~:rwy (300 to 
700 c) and high 1,111 practicable int,ensitiw (130 to 
1 GO db) will tlissip:ik natural water fog and :&G&l 
sprays having Lhc mass concentration :uirl putirlp 
wlius found in nature. 

In fkltl ksts at, Lunken Airport>, :L radiation fog wws 
pwtklly colrnrecl hy four C:hrysl~r-Hell victory sirens. 
The: visibility was incrw,w(l hy tlw sormd from 200 ft, 
t,o 300 or 400 rt. 

Tlic c+lrwing occurred in LL~WI~~ one minute ovw :L 
rcgiori 300 ft long and 75 ft, widr:, where the nvcragc: 
sound irit,c:nsit,y was 1 10 to 150 tll) :A :t Irequency of 

440 c. Tlw height0 of the clcwing WM not, measuwtl 
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l)nt, from the known int,c:nsif,y tlistritmtion of the 
sirens, prol~sbly cxt,endctl about, 50 ft upward. The 
droplcl radius of this fog, measured micmscopicnlly 
(see Chapter 22), ranged from 4 to 1 G microns am1 
the mass concentration wits al~o~~t, I .O I$ per cu m. 

In the cxpcrimcnt,s in a Columbia IJniversity 
t,unncl, tlic: visibility of a continuously produced spray 
of 4 $$ microns radius droplots was increased from 
35 ft to 70 ft, hy :I, 2-11p Fcdcral 1i:lectric Company 
siren. T11c uveragc sound int~ensity was 135 dh at, a 
fr’equcnoy of BOO c. 

In a sm:tll-scale lal)oratory expcrimcnt,, a spray 
of the same droplet, radius but of much liiglicr con 
centration was completely dissipated in 15 sea hy 
sound of I50 db intensit,y and a frequency of 500 c 
emitted by a loudspeaker. 

The details of these and other t&s arc tlcscrihctl 
elsewliere.“l 

19.10:1 Ekct of Particle Size 

Numerous experimental measurements 35 llavc 
shown that, particles of radius about 0.17 micron 
penetrate most readily an ordinary type of smoke 
filter such as rock wool, glass wool, :&cstos pt~xr 
or cellulost~ paper (a-web). The Canadian wool-rrsin 
filter tlocs not, show this effect,. 

The results of some measurements are shown in 
Figure 4. Curve I shown that, as the particle radius 
is dccrcasc~l from 0.3 micron to 0.1 micron, the pene- 
t,ration of 3 wool-resin filler rises from 0.01 liyU to 
1 ‘XI. Curve 2 shows a comparison series of measure- 
ments on an ordinary Mine Safety Clornpany type of 
canister, for which the rn:i.ximum penetration occurs 
at 0.15 micron radius. 

19.10.2 Electrical Effects 
In general, the negative unipolar smoke described 

in the preceding section has a negligible effect on t,llo 
pc!nc.?t,rabilit,y of filters. The optical mass-conccntra- 
tion meter (Chapter 22) was used to measure the 
penetration of a variety of filters, including a German 
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1~11:um 4. I’cncl,rn,(irrrl of wool-rcsirl :d Mint! Safety 
Company canisters. 

filter paper and A (.&adian wool-resin, and the pene- 
tration found to he praot,ically t,hc same for the uni- 
polar as for the rr~u:hargotl homogeneous smoke. 
However, the xmokc penetration through a glass wool 
filter was dccrcesed SOY0 or lry a factor of JO. With 
rock wool filters, tjllc: penetration decreased I5 7” in 
one case and 36 y, in anot,licr. 

The per cent penetration of the ohargctl smoke as a 
function of time for Canadian wool-resin filters r(:- 
mained constant over a period of 30 min. A low 
smoke concentration, about 2.5 pg per 1, was tlscd 
in this latter test, since the Canadian wool-resin is 
rcatlily broken down hy oleic acid. 

‘l’henc filter materials have only a slight effect on 
t,llc: electrical properties of the smoke. With filters of 
low pc~netrability, the dilut)e issuing smoke is mostly 
rmcliargctl, with a few particles carrying com- 
parativcly small cliargcs, wlictlier cliargcd or un- 
charged lest smokes arc oscd. When a filter of high 
penetrability is used (I 0 7 0 or larger), t,lic clcctricul 
charactleristics of the issuing smoke are practically 
t,he same as those of the entering smoke. 

A detailed discussion of fihration is given in 
Chapter 23. 



20.1 

Chapter 20 

FORMATlON OF AEROSOLS 

By David Sirdair 

CONDENSATION METTTODS The substance from which the smoke or fog iti to 

20.1 .l Condensation in Vapor .Jets be formed is contained in the boiler, :I 2-1 Pyrex flask 
(see E’ipure 1). The: flask and contc:ut,s are h(:nted 

A EROH~LH OF VERY UN I FORM particle size m:l,.y bc &ectJric& in an asbestos board box to between 100 
produced in the laboratory by slow anti uniform ant1 200 degrees C depending upon the substnnc~c: and 

r:ondensation of vapor, ~~~11 mixed wit,h air, contain- tlic p&icle sixc: desired. 
ing condensation nuclei. The size of tha pflrticles is The conticnsution nuclei are formed in tlirl I.oujzu’, 

THERMOMETER 

rr/ - 

REHEATER 

I OR 2 LITER 
PYREX FLASK 

ELECTRIC HEATERS ELECTRIC HEATERS 

-FILTERED 
AIR 

determinotl by the ratio of the masti of condensable :I l-l Pyrelt flask fitt,ed with t,wo c:lectrotles ticalcd 
vapor to the number of nuclei. When thr! r:ooling and into standard tapered joints. The: ionizer is mount8cd 
other pertinent factors arc cfwf:~idZy contmllf:d, it is above the heatw lwx and cormectntl to the boiler 1j.y 
possible t,o prothlcr aerosols having x pasticle size :L st,andttrd taper(:d joint. The contlen&ion nuclei art: 
which does not vt~ry by more l,han 10 (x7 from the formed by a high-voltage electric #park or a.11 c:lr:c:- 
average, ati fillown by tiiroct microscope measure- trically he&d c:oil of wire which has been tlippcd in 
ment of the tlroplete. sodium chlor& 

* 
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The reheater is a 2-l Pyrex flask in an adjacent, 
nsbfdos box heated ek&rically to about, 300 C. A 
tioublc wall~tl l’yrcx glass chimney 20 in. long is con- 
mf:t,ed to the reheater by a large standard tapered 
joint,. The boiler and reheater arc aonned,ed by a 
Pyrex tube having a standard tapered joint, a1 each 
cntl. ‘I’hc out,lcl, of t,his tube into t,hc: rt:ln:at,cr con- 
&s of a jet, having: two holes of 2-mm diameter. 

Smoke is produced by l~r~l~l~ling air through the hot 
liquid in the boiler, through the glass tube shown in 
tin: clingram. At t,he same time, air is blown in 
through the ionizer. The total rate of flow is ~ieually 
from I to 4 Ipm. The mixture of nuclei, spray, and 
vapor-laden air then passes t,hrough the two jet, 
holes into the reheat,er. TIere t,he spray is vaporized 
and the nuclei well mixed with the vapor. 

The mixture: then rises through the chimney, the 
vapor contlcnsing uniformly upon the condensat~ion 
nuclei. The: smoke which issues from the chimney is 
fount1 to bo of quit,o uniform particln size. Whcri the: 
column of smoke is examined in front, of a white light, 
it, is seen to 1~: brilliantly colored, t>h(: colors varying 
markctlly with tbc angle of observation. 

‘I‘lic srnokc has a high mass (:onc:c:nt~ration, about 
1 to IO rng pc:r 1, tlrpcntlirig upon tlic partick: size. In 
ortior to avoid tlcstroying t,lic! uniformit,y of par.t,ic:lc 
sizt: hy coagrilation, the smoke shoultl bp irnmctliatcly 
dilulrtl 10 or 100 times wit,11 dry, filtered air. Small 
t~ubcs or jets should not be used for this purpose since 
t.urbulent flow clest,roys the uniformity of size. 

Tlic particle size is increased by increasing the 
tetnperat,ure of the boiler, or by increasing the flow 
of air through t,lic liquid rc:lat,ivc t,o that, t,lirougll the 
ionizer, or by tlocrc7~sing tJhc rat0 of prorluctJion of 
ions. A littk: practice: w&h any givc9i pic:c:c: of ap- 
pa&us will show the conditions that, will yicltl the 
most uniform smoke of a given part,ic:lc size. 

The tcmpcrature can br: automatically muint,&ed 
constant by a thermal regulator inserM directly into 
t,hc: liqllid or into the heater box. The uir mu.d be 
dric<d nn,d well Jiller-cd. If it, is not, the moisture, dust, 
and oil fog droplets in the air from a compressor, OI 
even a tank, will provide so many condcnsution 
nuclei that, the control of particlc size by the ionizer 
will be lost. 

To produce the larger particle sizes al~ovc 1 or 2 
microns radius, it, is noc:c:ssarly t,o increase the propor- 
tion of vapor by bubbling the air t,llrough a porous 
disk bcnoath t,hc: liquid surface. C!arc must be taken 
to avoid decomposition of the matcrisl by excessive 
heating. 

A substance having a range of boiling points or an 
impurity, particular1.y of higher vapor pressure, is not, 
suitable for producing uniform smoke by this metVhotl. 
The different components condense at tiiffcrcnt rates 
in the: c:liimney, causing nonuniformity in tlic particle 
size. A volatile impurity sometimes condeuscs so 
readily t,hst, it, forms suficient nuclei to destroy tJlie 
cont,rol of size by the ionizer. 

Uniform aerosols have been producctl from oleic 
and st,earic acid, triphenyl and trichresyl plmephat,e, 
rosin, menthol, ammonium chloride, lubricating oil 
and hroc:lor. The range of particle radii is from 0.1 
to 5.0 microns. Smaller sizes may IX: produced, but, 
it is difficult to me:tsurf! ttic size or uniformit~y. In 
general, the large particlc aerosols ttrr more uniform 
in size b . 

The condensation nuclei may be ionized air molc- 
cules or molecules of such compounds as NOz, Ht, 02, 
or NH:+ When a too int,cnse, flaming spark is used, 
NO, is rentlily d(:t,c&Lblc by its odor and color. 

The construction and operation of this gene&or 
is rlescribd more fulby c:lsc:wliere.l 

20.2 THE DISPERSAT, OF PKE-(:HOUND 
SOLIDS 

202.1 Air-Jet Ilispersior~ 

l’nc:umat,ic dispersion is capable of producing 
:~~c:rosols of solid particles whose size is as small as 
the primary size of the ground mat,erial. This mchhotl 
does not usually break up single part>icles but, tlocs 
tear apart, aggregated particles. The method is very 
inf#icic?nt, in t,li:tt a very large volume of air is re- 
quired, producing a dilute aerosol. 

One form of :~pparatus,2 KjllCtl t>llP gf3JSW (SW 

Figure 2) has been usntl t,o protlunc: aerosols of litho- 
pone, Kadox (zinc oxide), and egg albumin, of mass 
conct:ntration up to 30 kg per 1. Using Kados of pri- 
mary psrt,ic:lc size 0.1 to 0.3 micron, the particles tlis- 
pcrxctl by the geyser are 0.3 to 0.5 micron on the: 
avcragc. Egg albumin was dispersed down t#o its pri- 
mary particle size of 0.5 to 10 or 15 microns radius. 

It is quite necessary to use well dried and filtered 
air for the dispersal. The wat,c!r vapor and oil fog in 
raw air from an air compressor cause matc:risls such 
as lithopone to pack into an intractable mass. 

The filter and pow&r chamber arc both made of 
standard 3 in. galvanized iron pipe although they 
have beon drawn to different, scales in the diagram. 
The connections are all made with standard J/i-in. 
pipe fittings, as shown. 
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Hl VALVE NO. 3 

SINUS- 
NO. 38 

50 PSI 
‘APPROX 

a - VERTICAL ADJUSTMENT 

b - HORIZONTAL ADJUSTMENT 

VALVE NO. 2 

VALVE NO. I 

PSI 

Two spray noti;ales of different, types, made by the 
Rinks Msnufact~lring Company of Chicago w(‘r(’ 
ad&cd to this apparatus, Tht! No. 174 nozzle, which 
gives the final dispersal, was alto~*c:tl by mnoving tlw 
:lir (*ap and the needle, and drilling out ~11~ cent(ral 
hole t,o ji6 in. diameter. 

In order t,o eliminat,c: :1 c~onstriction and a right- 
angle bend, the llolr: that carried the needle adjust- 
ment was enlarged and the pipe from the powdc~ 
chaml-)er connected to this opening. The: regular inlrt 
(stamped WAT on nozzle) is closed ofl’. With thin 
arrangement, the powder comes straight, from c out, 
through the No. 174 nozzle without, arly turns. This 
elimiriatcs a tendency of the powder t,o collCc:L at Llie 
turns and then break loose later in large picccs. 

The Binks No. 38 nozzle was ahered by removing 
the screw cap and soldering in it,s place a flat, disk 
having a I-mm central hole concentric: wit,11 the 
central air outlet. All the air from this outlct~ flows 

out throngh the l-mm hole. In addition, the plate 
11~s three symmetrically placed holcx to which bent 
t,ubes ? is in. IT) are at,tached as xllown in the 
diagram. 

The air from thca? tubcw ticrves to st)ir II~ the: 
powder. Air from t>hc central hole of the Binks No. 
38 nozzle blown up through the nozzle ahove ~1, c, 
wliic:li slior~ltl I)r: Lupered. This air st>rt\am carries more 
or less of the powder-laden air with it, &pending 
upon the adjustments CG and 1). The uppc?r nozzle at, 
c is a convex cone having a +i,+n. dismcter hole. 

The top plate of the powder clntrnhcr is scaled with 
a gasket and l’ast,ened with screws which arc loosened 
slightly while the adjustments are being rnadc:. Throc: 
horizontal adjusting screws b are used for lataral atl- 
justment, and adjustment at a is made by loosening 
the union directly above it, and sc:rc!wing the pip0 
up or down a small amount. 

The rate of flow out, of the No. 174 nozzle is al)o~~t 
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140 lpm. Most, of this air flows t,hrough valve No. 3 
and is used to tlispclrxc t,hc aggregates blown up from 
the chamber. 

A more convenient, portable form of gcyscr was 
made by attaching a Binks 174 nozzle Lo a LIrVilbisn- 
type GB flock gun. The powder is stirred in the flock 
gun by a thin stream of air and the concentrated 
aerosol tlispcrtied by the l3nks nozzle as in the above 
described model. 

20.2.2 Gas Ejection Bomb 

A bomb of 22 cc capacity was used to dispcrac 
Kado~, egg albumin and lycopodium spores in a 
22-cu m room. The particle sixc in the Kadox aerosol 
was greater than obtained with the geyser. With egg 
albumin and lycopodium, a primary dispersion was 
obtained, when using a bursting pressure of 1,800 
psi.” (Sco also Chapters 22 and 35.) 



Chapter 2 1 

OPTICAL PROPERTIES OF A.EROSOLS 

By Duvitl Swb&r 

periment,ally. In the case of transparent, dielectrics, 
that, is, non&orbing substances, the scat,tering 
propwt,ic:s have been found t,o provide convenient 
measlircs of particle size and size tlistrihut~ion. 

Thr: t,heory of scattering by a splirrical particle was 
originslly dcvclopecl from Maxwell’s ctluations by 
Gustave: Mie 1 in 1908. Bincc that t,irne, numerous 
calculations Z have been made of t,lic: total energy, 
and the: angular distrihut8ion of tlic: intensity of light 
scattered hy both transparent and absorbing par- 
ticlcs. The derivat,ion of the equations is given in a 
cornpaf:t lorrn hy Btratton.” 

Since the calculnt,ions a.vailal)le in the literatiirc 
were incomplctc, addit;ional calculations on l)oth 
absorbing and trsnsparcnt particles were matlc ljy 
t>lie Hureau of Standards. Most of the calculations on 
t,r:tnsp:trent, particles liavc :tlready been pul)lislictl.4 
The calculations on ul,sorhing particles and addi- 
t,ional calculations on trtansparent, particles are 
described in following text. 

Nnrnerous experimental mt::~surements have amply 
confirmed the Mie t,heory, with one exception, tic:- 
scribed in the discussion lliat follows. 

For transparent, spherical particles that, are small 
compared to t,he wavolcngt~h of light, the Mic tbcory 
is in complete agreement, with tlic more elementary 
theory of Rayleigh,h dcrivctl 1.0 :mcount for the blue 
of the sky. According t,o tjhis theory t,he total :~unount 
of light, of mnveler~gt,l~ h scattered by a small sphere 
of radius r’ per unit intensity of illumination (unit, 
energy per unit, a~‘(%) is 

Hcrc V is the volume of a small particle, and VL is its 
refract,ivc: index relative to t,liat of air ( = I). 8 is 
thus the cffcctive scattIering arca of me particle. 

This equation holds for cstrcmely small particles 
such as air molecules. For suoh sizes the particles 
need not he spherical. The equation holds for spheri- 
cal purticles when r < 0. IX. It, is seen t>hat, the total 

scat,t,ered energy varies directly as the sixth power of 
tllc radius, and invcrscly as the fourth power of the 
wavelength, so that, lduc light is scatltered much more 
than red. 

Consequently, t,lie diffuse light, of t,hc sky is blue: 
when fret of lmze. However, when the: sun is hear the: 
horizon the sky may exhibit, other colors even wllcn 
frw of haze as exp1ainf.X.l in the following text. 

W1ir.n the particle is illlwIinuted wit,h unpolr~ritecl 
light,, t,hc intensit,y scatt,f:rc:tl at, an angle y to t#hc 

incident light is 

h: is the distance from the particle to thr: point of ob- 
scrvution. This nqu:~lt,ion holds only when fi is very 
large compared to t>lie radius of the particle. The 
angle y is thn snglc between the direct,ion of propnga- 
lion of the swttcred light and the: mwrscd directSion of 
propagation of tlic incident1 light. 

When observing at right, angles to t,lie incident, 
light, i.e., when y = YO’, the scattered light is pbe- 
polarized wit,11 the light vibrations perpendicular to 

t,he plane of observation. The plane of obscrvat,ion is 
t,hc plune containing t,hc direction of obscrv:ttion and 
t>hc: incident beam. 

If a very small particle is illuminat,r:tl t)y polnrizcd 
light, t,hc int,cnsity of light, scattered at an angle # is 4 

Here +b is the :mgle between the: tlircction of ol,serva- 
tion and t,hc direction of the clcctric vilnationti in the 
incident, polarized light,. The scattered light, ix plant?- 
polarized, no mat<t,c:r what the direction-of observa- 
Con4 

As the pnrticlc radius incrcnws to aLbout the wne 
size as the: wavelength of the light, the scattering be- 
comes a very complicated function of the radius, 
wavelength, sncl refractive index. The Mic theory 
slmcvs that, t,lic total scattering hy one spherical 
particle per unit intensity, is: 
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b’rorrm I. Rcn,i,t,cring coefficient for spherical p:~riicI~. K vs a, r and X. 
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The a,‘s and p,‘s are functions of LY = 27rr/X and 
p = 2nrm/X. 

The scattering coefficient K, the xc::lt,t,ering per unit 
cross-sectIional area of particle, is obt>~.ined by divid- 
ing equat,ion (4) by ~-9. Thus: 

(5) 

ir’ is therefore a function of r/X. This me:tns Lhat 
once the scattering coefficient, is known for a psr- 
titular value of r and a particular. v:tlue of X, it, will 
ho known for all values of 7 and X which hear the 
same? ratio. 

Since tlic functions arc estremely complicated and 
have alrc:atly bc:cn put)lishcd,“~ 4 they will not be 
giwn here. 

The s&tering corfficient for particles of different, 
radius and refractive index is shown in Vigurc I The 
ordinutcs are the scutt,ering coeIlicient K, and tllc: 
abscissas are CY = 2sr/X. The radii corrcspontling to 
a wavelength of X = 0.524 micron and t,hc wave- 
lengths corresponding to 8 radius of 0.3 micron have 
dso been given as &cissas, so that, these curves 
nhnw the variation of total scattering with radius atI 
a constant wavelength, and with wavelongt,h alt, a 
constant radius. 

zlv SW 

FIR~JRM 3. Angular distribiltJion of intensity of light, 
ncrttt8ered by a aphericd particle. G :wi in vs 7. 

lt is seen Ihul the peak of the CIII’VC, md therefore 
the radius for niuxirnrmi scattering, moves toward 
smaller radii as the refractive index increases. Thert: 
is also a secondary peak in the neighborhood of 1 
micron or less. 

Tllc! angul:br tlistrihution of intensity vurics ac- 
cording to the: xamc: function of r/h. For Rayleigh 
scaltering by small particles, the angular distribution 
as sh0w1~ hy equation (2) is symmetrical about a 
plant normal to the incident illuminating heam. Tha,t 
is, LLS mocdl light is scattered bttakwurd as forward. 
As Lhe particle radials increases, the forward scatter- 
ing becomes much greater than the backward. For a 
particle whose radius is equal to or greater than the 
wavelength of light, the ratio of forward to backward 
scattering may be 1,000 or more. 

Ttic angular distribution of intc:nsit,y iK an ex- 
trcmely complicatctl function of tlic: st:at,tcring angle 
y, and the complexity incrctcscs mark&y with in- 
crease in particle size. Numerous equations and 
angular distribution curves are given in refcrOnccs.“J 

Th(? Mic theoryprcdicts, and observations confirm, 
that the scattered light is partially polarized. That is, 
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curves obtained wit,b oleic: acid fogs and xulf~r 
smokes, showing the number of tirncs red is ob- 
served as a function of pulticle Hize. 

Calculations for radii up to 0.5 micron and for 
indices of refraction 1.33, 1.4,4, 1.55, and 2.0 show 
that the number of reds corronponding to a given 
radius is indcpentlent, of refractive index. Curve C, 
B’igure 4, shows the calculated curve which differs 
throughout from the cxperimcnt,:tl curvcx by about 
0.025 .micron. Since the curves for all indices of 
refraction approximatc?ly coincide up to 0.5 micron, it 
seams likely that they will cont,inue to coincide up to 
1 .O micron. 

The calculated curves were obtained from the Mie 
t~tlcory as follows. A curve was plott)ed for each 
particle radius showing thn ratio of the intc:nsity ir 
in the rod (X = 0.629 micron) to the intensity il in 
the green (X = 0.524 micron) for xcuttering angles 
from 0 to 180’. The number of maximti of magnitude, 
greater than 0.45, is taken equal to Ike number of 
reds observed visually, for the following rcation. 

The c:alculat~c:tl values of il refer to unit, intennity 
of illumination at all w>bvelengttis in the incident 
beam. Since, in sunlight, (i.e., white light) the in- 
tensity ratio of red to green at, the above wave- 
lengths is 0.9, it was assumed that the ob~rved 
scattered light, ~woultl have a rtddish butt tvhon the 
ratio z’[ (red) t!o il (green) was greater than 0.9. In 
t,he tungsten lighl used for observation, ttic int,ensity 

r 

6 
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ratio of red to green was 2.0. C:onxequently :I, calcu- 
lated ratio 2’[ (red) to ‘i, (green), greater than 0.45, 
would correspond to an observed red since the ratio 
il (red) to il (green) in the obscrvod acatterod light 
would bc greater than 2 x 0.45 = 0.9. 

T’igurc 5 shows the angular position of t,he reds 

seen in i, in stcaric acid smokes of 1 to 7 spectra. The: 
ordinates show the number of rode and the nhscissas 
t,hcir angular position, 0. With the exception of sulfur, 
most, of thn oalculatcd point,s for other indices of 
refraction lit: on t,hc stcaric acid cllrves t,o wit,hin f 5”. 

21.22 Polarization 

The polarization for various angles 0 was found, 
bc,t,h experimentally and theoretically, to vary in LL 
regular manner from the Knyleigh region up to 
about 0.2-micron radius. The relative: intensity of 
i2 to *il was founcl to vary from a low value up to 
greater t,lmn om:. The polirrization can Thus b(: used 
as a measure of particle radii up to 0.2 micron (see 
Chapter 22). Above OSmicron radius, the polariza- 
tion varies more rapidly with particle radius and is 
multiply valued. 

The: polarization may be conveniently mcasuretl 
wit,h :I polarization phot,ometer. A Tyndall beam of 
approximately monochromatic light is observed 
through a bip:trtite disk with its dividing line parallel 
(or perpendicular) t,o the planr: of observ&ion, The 
bipartit,e dink is a plane-polarizer having one half of 
its plane of polarization perpendicular to the divid- 
ing line and the olhcr half parallel to tho dividing 
line. On(? half of the bipartilc disk, tticrefore, trens- 
mits & ant1 the other half tntnsrnit,s in. Between the 
observer and the bipartite di#k is a plnnc polarizer, 
called the analyzr,r, which c:-m be t,urnc:tl so that its 
plane of polarization makes a given angle with t,ho 
plnno of observation. 

The analyzer is turned so that tlic intensities of the? 
two halves of Ihe bipartite disk ure equal. If thrt 
angle between the direction of the light vibrations 
transmittrd by the: analyzer und t,he plane of ohser- 
vation is +, then: 

i2 - = tJtlnz 4 . 
2’1 

((0 

I’igure ti shows the calculated values of $I as a func- 
tion of radius for five different refractive indicts when 
tho angle of observation 0 = 90” and X = 0.524 
micron. Figure 7 shows 4 as a function of radius for 
four different valuc!s of 19 when the index of refrac- 
tion wt = 1.44 and X - 0.524 micron. 

The blue tobacco smoke that, rises from the and 
of a cigarette exhibits Rayleigh scattering upproxi- 
mately when illuminated with white light, (X = 0.4 
to 0.7 micron). Tf a Tyndall bcum is examined in a 
direction ut right angles to the: beam through a plane 
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polarizer, it will bc s(!en t)o br virt,unlly cst~inguishd 
when C$ = 0’. 

When fresh, the particles of tobncco smoke are 
Cl1.5micron radius or 1~~s. If this smoke is allowed to 
age in a f&d, or if exhald smoke is examind, much 
less polt~rization will be observed. Aged tobacco 
smoke particles are 0.2 or 0.25micron r&us, due to 
the accumulation of moist,ure. Such smokr may he 
sufficiently uniform in size to exhibit, sornc colol 
whc~i esaminctl through LL polarizer. 

212.3 ‘I’otal Scattering 

Measurc:mcnts were made of t,he angular tlistribrr- 
Con of int,c!nsity of t,lie light scattered by uniform 
st,eari(: :tc:itl and oleic acid fogs. The dctsils of the: 
method of measurernon t huvc: been given elsewhero.7 

,i fog of known conc:cnt,ration (measured by weigh- 
ing d known volume of fog collcc:t,c~tL in a gluss wool 
filter) was 0bsc:rved while streaming out, of the goner- 
at,or. A suit&lo volume w&s uniformly illuminated 
and the inter&y scatted into fL given small fiolid 
angle was metisurcd with B photomctcr. Measure- 
ment,s wcrc made at angles IPorn 3 to 175” :Lt, frequent, 
intervals. The intcrlsities w(!re then intjegratecl over 
all possible directions. In order to obtain the Idal 
scatt,ering coefficient, the integrated scntt,ering LV~JS 
comp~~rctl with th:d of a diffuse reflcc:t,or of known 
reflect,ivity. 

The reeds are given in Figure I. The clottc~l curve 
shows the experirnenttL1 measurements made on uni- 
form pdide size stcaric acid fog, refmctivc> index = 

1.43. The ugrccmcnt, with the! t,heoretic:al curve for 
index 1.44 is considered t#o bc: satisfac:t,ory. The dis- 
crepancy is clue to the difliicult~ies inherent, in this 
type of niensurc:mc?rit. 

It was fount1 that the thcort%ical vuluc~s of both 
tot,al scatStering and angular distribut~ion of intensity 
:ir(: too high by it f:lctor of 2 when the pdicle is 
illuminated by ~mpolarizecl light. This JVLH due to :t 
mistake mncle in the origind derivation of the: t8heory 
when transferring from poltlrizcd to unpolarized 
light,.~ The error was made originally by FLyleigh 5 
and was first, pointed out by Stiles x in a. paper, wllich 
wits brought, t)o the tdlior’s attention after refert:nce 
4 h:d b&n distributed. Rayleigh’s original error has 
been propngnt8ed unchar~gcd in a number of texts. In 
the Hantl61dr, der Phys&, the error is cornpc:nsatecl by 
making ttn improper integrat,ion over the sph ere.y 

The valuc:s of the scattering coefficient, given in 
Ipigure 1 arc the correct values. They Ltrc equal to 11~: 
values oblaind directly from the Mie theory when 
dcrivecl for polnriztd light,, mtl to half thr? dues 
given by the Mie theory for unpolsrized light. 

The totnl amounl of light scattcretl by 1 cc d 
aerosol is equal to the product1 of the amount of light, 
scattered pc:r padicle md the numbr~ concentration 
n. Figlrrc 8 shows S the scattering cross section per 
particle ( X I OR) asa function of particle size and wnvc- 
length for water (index = 1.33), sc:rc:cning oil (IXol, 
index = 1.50) a,ncl sulfur (index = 2.0). These curves 
may be ot~tained from cqudion (4), or they may bc 
obtained from the curves of Figure 1 by multiplying 
the values of the scattering coefficient K by the cross- 
sectional ~rcab of the pdicle d. The scattering per 
cc is then Kar2n = &. 



324 OPTICAL PROPERTIES 01’ AEROSOLS 

i 
/ 

0.1 0.2 0.3 

-- 

/ 

- 

- 

mZ2.00 
/ 

4 
FOR r SCALE x =0.524P 
FOR 1 SCALE r =0.3P x 

4 0.5 0.6 0.7 
r IN MICRONS 

I 
0-E 

- 

- 

- 
I 0.9 1.0 I*1 

0 0.6 1.2 2.4 3.6 4.6 6.0 ~ 7+2 

3.14 1.57 0.765 0.524 0,393 0.314 0.262 
k IN MICRONS 

6.4 9.6 10.6 12.0 13.2 

0.224 0.196 0.174 0.157 0.143 



SCATTERING: BY SPHERICAL AERC)SOLS 325 

I I 0.2 t 

‘SULFUR 
m=2.00 

FOR I- SCALE h-0.524p 
FOR x SCALE r =0.3/t 

I 0,4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 
r IN MICRONS 

0 1.2 2.4 3,s 4.6 6.0 7.2 6.4 9.6 10.6 12.0 13.2 
a 



326 OPTTCAI, PROPERTIES 01’ AEROSOLS 

2 I .2.1 ‘I’rar~srnissicm 

The total scattJering may be more conveniently 
obtained by measuring t,he decrease of inknsity of 
the transmitted beam. lbr small particles, t,lie in- 
t,ensity of the transmitted beam of wuvclenglli X dr- 
creases exponentially wit111 the tlisktn~e t,ritversetl 
through the aerosol, that is: 

1 = l”a --,i’nl = I,,(: Jcl, (7) 
Tlrre 1 is t,he distance, and I: is the mass concent,rat,ion 
of the aerosol in grams pr:r millilitc:r. The term Snb 
(,Sn,l = Jcl) is cl&cd as tllc: optical tlonsity I). 

‘1‘1it: irit,c:nsit,y 1 t,r:msmit,t,c:tl through :I, givcri tlin- 
t:bncf: 1 in a stirrwl t~omogc:nc:ous wrokwl will tl~crc::~st: 
c:xl)oriczrit,ially wit,ti ttic: t8irric>, tluc: to the: tlecrenso in n, 
:.Lc*c*ortling t80 cquatioii (2)) Clinpt,c~r 19. ( Joml)ining 
q1i:il,ioii (2) with c:qll:tt,iori (7), 

T 111, 

7 

e optical densit#y 1) = fhL will decrease 
expone ally with the time. TTowever, for times 
shr compared t,o h/f> t,he change will he small. Tf the 
,oncentration ‘U is maintained constant, by replenish- 
ing Ilie aerosol from a homogeneous gener:tt,or, the 
t,ransniit,t,ed intensity will be const8ant,. 

A bc::i,m of moiioc:l-iromatic light, was passt:tl into ::L 
pl10toc:c:ll through :.I, liomogc~nc:ous ttProsn1 of c:onst:tnt, 
~:onccnt,rt~t~iofl, arid thr: transmission mruxurctl as a 
func:tJion of part,ic:lt: size and wavelength The con- 
cenlration and disL:tnce were also measured and the 
scattering coeficient then ealrulated from equation 
(7). Good agreement, was found betJween experiment, 
and theory for olcic acid 4 (index = 1.4(i), sulfur ( 
(index = 2.0), arid ILkI 1o (index = 1.5). 

In the (‘aye of olcic acid and mlfw, it was con- 
vcnicnt to plot ~rvcs showing the vuriat,ion of 
JX [ K K(X/r)] wit,h r/X. These cifrvf:~ are similar in 
form to the K VH CY curves of Figure 1. 

For lXo1 a srricx of curves showing the variatJion of 

log J wit,h log X at, constant, radius was plotted. Tt, was 
f’ound that t,he slope of t,hese curves varied markedly 
Iv-it11 particle size. Tpor the wavelength 0.G micron, 
t111.e slope was - I .9 at r’ = 0.3 micron (N = 2.9), 
reached a maximum of +2. I at, r = 0.7 micron 
(u = IiA) and fell to + I .7 at, )* = 0.7(i micron 
(cu = 7.3). 

At r’ = 0. I micron or less the slope shor~lcl reach 
the value - ~1, according t,o t,he Rayleigh equation 
[ec@ion (I )]. The curve of scattering per gram for 
IX01 (Vigure 9) shows a variety of slopes of’ positJivc? 
rind negative vnlues. 

A nc!gatJivc? slope: mo:~ris that the scattering per 
gram d(?crcafi(‘s wiGi inc:rc::bsiilg cv:~,vf~lerigth. In ot,licr 
worfh ttic t~t,:Lnr;l):l,l’c:nc:y of Llif: aerosol incrcascs with 
increasing wavel~~n~th. This is t,he general sit,u:&n 
for aerosols whose particle radii are smaller t,h:m t,llc: 
ratiiiir; (or radii) c:orrt!sE)ori(iirIg to the principal maxi- 
mwi of tJlic: stGtc:ring curve?. (.~nnvc~~+y, :wrosnls 
\\-liost: p:utic*I(:s arc somfwt~at larger ttim Ibis 
optimum sizr will be more transparent, t>o shorter 
\v:~l,vc:l~:rlgtllr;. 

It, 11::ts t,ccn olM:rvCYl t,11:tt 1h: cwlor of I.llC SIUI'S 

disk, viewed through a cloud of LM fog produced in 
tlir field, is red when Idie droplet mtlii a~‘(: less than 
0.23 f&ron, and Mue or green when I,l~a radii are 
grc::ttcr than 0.3 rnic~ron. Inspection of Figrlrc 9 shows 
that the opt~imrmi radii for Diol are hebeen the 
above values (for green light, X = 0.524 micron). 

The observations should be made when t,he suu’s 
light is nearly ext~inguislied, since t,tie residual rays 
n-ill exhibit, t,he most, distinctJive color. The purity of 
the color will vary n-it<h t8hc: uniformity of p:&c+le 
size. Tt8 is c:vi(lcnt, t>hat a c:onsitl(~r:i,t,l~~ rarigc: of sizes, 
great, enough to span t>he p(!ak of the WTVC, wo~dd 
exhibit, lit,tJe or no color. This is a simple crit8c?riorl for 
&mating the partJiclo sizt> a~(1 size: tlistrilnl lion of a 
fog (SW (:htplr:r 22). 

If Llie particles are all considerably smaller than 
tlm optimlml size, t,hey may have a large range of size 
and still produce a red color in t,he tJransmittVetl light. 
The setting sun appears red, usually because of the 
small partJicles of haze which exhibit, approsirnat cly 
Rayleigh scattering. And t,hc! color of thr! sun tkepens 
as it sets, due to increased selective scattering, until 
Llic residual color hecomes a deep red just, before> tbc 
sun is extinguished. 

Even when free of haze the color of the sky al sun- 

set, will differ from the usual blue. The sky color will 
vary with the color of the tJransmittJed sunlight,, which 
varies with the path lengt,h as follows: 
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This eqr~:tt iorl is :I, mnximrrrn \\~l~n 

x = i/icuTT’l 
\\hwe 

“1.2.5 Scallaring hy Large Particles 

The Mie eqll:ltJions hold, tJllc\oretic:tlly, for nny 

~IOWWCI*, \zhen I’ is cst,rc:mely kugc~, ~ll)l~rosial:tliorr 
metZhodx show :j t,hat K approaches t,hrl value 2. At> 
first sight, tJtiiu appears l&t: since it r’l3.y~ that ,z very 
large splicro s&ters t,wic:r an much light, RS falls on it,. 
Rrillnrrin I’ has recently shown t,2leo~c:t~ic:ally t,hrtt t,lrc: 
lightj scsttert,tl by n relntiv+ large tnet:Jlic: sphere 
(1. > I2 microns) c:ould be tlivitl(:d into two equal 
p:trlx, that, scat,terrd into a srmbll solid angle :trwuritI 
tlw forward tlircct~ion (i.e., into the geornctricxl 
shadow), and th:tl, scattered in all ot,her directions;. 
This rnc:nns that, &hough the correct, value of tlr~ 
sc,zt#tering coefficienl is 2, the rtct~~al value, mensur4 
esperirnt:rrt,nlly, mill 1~ I for very I:~,rgn spheres, since: 
for RI&I spheres 1;hc angular divergence of the: 
shadow is extJrerncl_v nmall. 

This rc:sult was confirmed hy t,lr(: follolving expc:ri- 
merit. A cloud of lycopodium si)ot*(‘s was allowc:tl to 

settle on lo :L gla,ss plate. The radii of these spores; 
lvere found t,o he very uniform, 15.0 5 1 micron. Tl~cb 
plate \\‘:As then placed in 3 parallel 1)carn of light in 
front of B photocell, antI the tjransrnittJc:tl intensity 
meas\trcbtl at, different tlit;tances l>et)\vc:on pl:Lt,e ltnd 
photJoccll. The reading of the: photocell incroancd by 
the factor 2.1 when the dist,:l,rrc:c: from the plnt,c> to the 
phot,ocell \WS decreased from I8 t’t! t,o fi in. Clalculn- 
Con chrc:k~:c~ t<his result, ant1 &owed t,hrtt at, 1X ft, t,he 
ohsPrv(:d scattering (:I’OHS section w::~,s 2id mid at 
(i in. it was a?. At (i in., half of thr scat,t(lrod light 
(i.e., t,hatJ part, srut~,c:r*c:tl into the georrrctric::~l,l shadom) 
was pi&ccl up by the: photocell. 

This cbonclusion is furt,tlc:r confirmed lq :.t considera- 
Con of tliffrnction hy l:trgc ohs;tacles. According t,o the 
theory of tiiffmctjiou, tlic bt:tl amountj of lifflit, tlif- 
frbed hy an opening is c:qual to the area of t,hc: 
opening (in the! case of unit, irit,c:nr;itJy of illumintltion). 
ll’or :L circular hole of radius T, t,he amolrnl of Ii,@ 
difffrsc:tod would 1)~: 7rr2. 

A(~c:or*tling to B:tl)iric:tJ’c; principle, :.t circular ob- 
&clc of rndius I’ will diffract, t,lie st~fnc amount, of 
light as a cirrul:tr lrolc of radius I’. But, t8ht! obstacle 
mill :~lso intJercept ttrr smount, of liglit, equal to its 
:tre:.t irr2. Conseqrrent,ly t>he t,ot,al amount, of light, both 
intJerrepbd and cliffrac:l,c:d, is 27r2, and the t,r.:ursrnis- 
sion expcbriment, desclril)c(I above ITill yieltl :*. st:attc!r- 
itig cross s&ion of 21r+, provided the dixL:mcc: from 
t,lie ol)st,:r,cle to tlW rntl:1suring device is rn:& large 
enough. 

TIob’cv(7*, for very I~gc: obst,zcles, t#hix ~!onclitiori is 
not, realizuhlo in practice. ‘I’tu~ cliffract~iou pttttam is 
so small l~liat, all the light c:ont,ained in it is received 
h-y the c:ollcr+or. The collccBtJor then measures only t,lrc 
amount of lightJ intercepted I)y tlic: georn~t~~ic cross 
sr~c+on ~9. 

Therefore, it is evident 1,11:1,t, ttlc: total amount of 
light, absorlWtl and scattered (i.c:., tliffrnctJecl at, any 
:.urgle from it,s original dirct:t,iorr) is 2+, as the Mie- 
Strat,t,on t,heory shows. TTomevcr, any c~xperimentnl 
nie:tsiirc:mentj of it vt:r.y large parti& will yic:ltl t,lic: 
value TP, the amount of light, absorbed 1,~ an opqur 
disk, or in the case of :.I, reflecting H~~CI’P, Ii& #cat,- 
tered outJsitie of t,he gcorratrical shadow. 

21.3 SCATTERING KY NONUNLE’OKM 
PhRTICI,E SUE SPlrERIChL AEKOWLS 

Ordinary aeri&s, having a lftrgc rurqp of particle 
size, cxlribit, the scuttcrirrg which wn~dd hc ohscrvod 
from it mixture of :t large number of uniform p:irtialt: 
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size aerosols, mixed in varying proporlione. The dif- 
fercmt, nolorx in the scattered light, ovc:rlap so that, the 
aerosol appears more or less whit,c: dcpcnding on how 
much one particle size prt:tlomin~tex. The polariza- 
lion is also a mixture of t,hat from many sizes, the 
effect of the large? partic:h:s predominating because: of 
t,he great increase: of intansity with size. 

If a nonuniform aerosol, such as tobacco smoke, is 
allowed to settle in a convc!ct,ion-free chamber, con- 
siderable separation of sizes will occur. If the uppc:r 
layers of t,he cloud arc examined with a beam of whit,c 
light, various colors will 1~ seen depending up011 th 

height ant1 dirt&on of observation. An approximate 
idea of thr: size and size distribution of tllc: smoke 
particles can be obtained by examining t,hc colors and 
polarization at different heights and angles. 

0.1 0.2 0.3 0.4 0.5 0.6 
RADIUS IN MICRONS 

21.3 .I Scattered Intensity v s Particle Radius 

‘I’hc in2,ensity scatterctl at any wavelength by a 
given volume of smoke at, a tixt:tl height will decrcnsc 
with time: since the number of particles in that, volume 
will decrcasc due to differential settling as explained 
in Chap& 19. If coagulation is negligible, the rate of 
decrease of intensit,y at, any tirnc depends upon the 

particle size and size distribution, and the: sc::tt,Lering 
as a function of size. 

The change in the scattered light intensity, AI, 
observed at, a given an&: and wavelength is propor- 
tional to the change in Ihe particle concr:ntr*ation An, 
and the radirls raised t,o some pow(‘r p, t,llat is 

AI = kr” Au. (11) 

Tlic value of p at a given value of r and angln of 
oba:rvation, 0, is obtained from tllc calculations of 
tlic angular distribution of intenait,y referred to 
al)ove.4 The values of log (& + &) vs log r were 
plotted and the value of the slope p as a function 
of r was obtained for snvoral angles. 

Figure 10 shows t,hc: variation of p with 1’ at, 
0 = svcragc of 40°, 45”, SO’, for refractive index 1.44, 
and I .55 at the wavclcngth 0.524 micron. It, is seen 
that, p has the value Cj for radii below 0.1 micron as 
is to be expc!ot,ed in the region of Rayleigh scattering. 
The region of negative values of 1) corresponds 
roughly to the region of t,he curves of Figrlre 8 where 
the slope is fqtttive. Sufficient calculations are not 
available to carry thc~sc curves beyond r = 0.5 
micron. 

Similar curves wcrc drawn showing p as a function 
of r for total scattc:riHg. For l<.ayl~$$ scattering, p 
should again have the value Ii, and for very large 
particles, tlic value 2. These curves were found to be 
quite tliff~:rent from those of Figure: IO in the useful 
rangt! from 0. I to I micron so t,llat, they cannot, be 
used to supplement, the curves of Figure IO. 

Ttic: use of tlicse curves in c:onj\mction with the 
rliffercntiul settler for the dot,c:I,mina.lion of particle 
size and clistrihution is clescribcd in Chaptc:r 22. 

21 .3.2 Transmission in Tranquil Settling 

The intensity transmitted by an aerosol in tranquil 
settling will vary in a similar manner. IIowevor, the 
praotiaal difficulties of this measurement, wcrc fount1 
t,o be insurmountable. In order to obtain sufficient1 
optical den&y and avoid coagulation, the smoka 
chamber must hc large in order that, the I)ath length 
may be large since n must be not, over 10” per cc. II 
has been found impossible to eliminate convect ion 
currents in anything but, a chamber so small that, th(: 
transmission is very nearly loo%, when 11 has a 
suitable value:. 

21.3.3 Transmission in Stirred Settling 

7%~ optical clcnsity I> = BY& of a homogeneous 
aerosol in stirred settling and imdergoirlg coagula- 
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Con, will vary utxwrding to equation (24), Chapter scattering cross section provided K4 and Kz can be 
19, as follown. tlctcrmined. 

1 81 --z-= - 
rL fj 

;” ;- (y + $-.L,,l. (12) 

P’or times short comparctl to h/n, this becomes 

If l/D is plotled against time a straight, line will he 
obtained, hrlving the slope X/S1 + v/hDe. The 
qrlantitics 1, h., I>, and D, are readily measurable. If 
the pa&k: radius is known, v, 8, and .X may he 
calculated, or if SC is known, t,hen v, 8, and r may hc 
calculat,cd. (Sr:c! ChaptIer 22.) 

This cqu:d,ion neglect,s the change in particle siB(! 
(brat not, the change in nllmbcr) due to coagulation. 
As a rest& of coagulation, II and &S would not be quite 
constant. 

The scattering per gram at, zero time A, is ob- 
tained by dividing equation (I 4) by equation (7)) 
Chaptc!r 19. 

making use of equation (5), Chapter 19. 
A further useful relationship is ol&inc?d by clivid- 

ing equation (16) by equation (14), Chapter 19. 
Writing d/dt log M, = u,,, and d/dt log S1 = u8 we 
have 

(1% 

gives 

*&,~34aQ3h-, 
0 --’ --, 

2 p d; 2 p& (W urn 

Multiplying ec@ion (19) by il 0 [equation (18)] 

The total scatt,ering CI’OSS section of N nptwicsl 

“1.3.4 

particles of different sizes cun be obtained hy measur- 
ing tjhr: optical density D = SZN. In a hotcrogeneous 

Heterogeneous Aerosol without 

aerosol, 8 is the scattering cross section of an average 

Coagulation 

particle. In the range of particle sizes whore K is 
nearly constant and equal to 2 (r. > 1 micron, see 
Figure I), S will be the scattering cross section of 
the sphere having the average geometrical cross 
section. Therefore; according to equation (6)) Chap- 

ter 19, the scattering cross wcti,on per cc at zero 
timt? is 

making use of equation (5), Chapter 19. 
The use of thc!se equations for particle size meas- 

urement is described in Chuptor 22. 

21.3.5 Complete Analysis of Scattering 

The complete analysis of the light Rcattered or 
transmitted by a heterogeneous aerosol is extremely 
difficult. The absence of distinctive color in the scut- 
tered light, is an indication of heterogoneit,y, but the 
distribution curve cannot be obtained by this means. 
Similarly, the polarization in t>he range of radii below 
0.2 micron, muy be used to detect the presence of a 
distribution of sizes, although it is ext,remely difficult, 
if not, impossible, to obtain any quantitative results 
by this means. 

Sn = ; N&d: , (M) 

and accortling to eqrlution (8), Chapter 19, the 
scattering cross section at time t is: 

(15) 
The general theory has been disctlssctl elsgwhere.12 

The conclusions reached may bc summarized us 

I&c! & is the scattering coefficient of the sphere of 
diameter &. 

Equat,ion (I 5), Chapt,cr 19, may then be trans- 
formed to : 

Thus ck; can bc obtained by measuring t,hc average 

follows. 
The determination from scratch of the non- 

homogeneit;y of a smoke is possible only in principle. 
But if we alrc?ady know enough about thr: size and 
distribution of a heterogeneous smoke, the knowledge 
of the scattering functions of homogeneous smokes 
will enable us to find out more. h’or example, the! 
determination of the! proportions of a mixture of two 
homogeneous smokes of known particle size is relu- 
tivoly easy. 

The relative proportions of a mixture of two homo- 
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geneoun timokes of known radii lens than about 0.2 
micron can be obtained b.y mcnnuring the polariza- 
tion at the scattering nnglc 19. Let z and 1 - 2 be 
the proportion of particles of radius r1 and Q respec- 
tivoly. Let &(q,O) and iz(r1,6) be the intensit,ies of 
the polarized components scattered per part>ic:lc of 
radius r1 at, t,hc angle 8, with similar cxprcssions Ior 
rz; and lot, the wavelength bc X. 

Then the: rut,io of the int,ensities obsc:rvr:d at, t,he 
angle 0 will bo according to equation (C;) 

xiz(rr,O) + (l-a)& 
M=?-- 

ml(@) + (1 - s)i, (rz,O) 
= tan”4. (21) 

Since the iB’s and the: iI’s are known kJIn the Lie 
theory, this equation may 1)~: solved for 2:. 

II the radii w(!rc unknown they could be obtainntl 
by observing t,hr polarizat,ion at> t8hrc?r: tiiffcrc~nt, 
angles 0. 

k’or radii great,er than. about, 0.2 micron t,his rnpthod 
would not, yield a unique solut,ion since: the: shsolu tc 
values LLH well as t,he ratio of t>llc: int,c&lics are 
multi& valued. 

IJsuully, however, no such sirnplc tlistrib\ltion of 
sizes is cnooantered. Calculat~ions liavc been made 
showing the effect, of various Gzc: dislribr~tions on the 
polarizat~ion.r” The conclusion is that this method 
cannot be used to &ain i,h(: size or size distribut>ion 
nl het,erogeneous srnokox. 

One can merely tlet,c:rminr: whether or not the 
smoke is homogeneous by observing the polarization 
at, several angles. If, for example, t,lie polarization of a 
stenric acid smoke were observed at, 90°, 80”, and 70”, 
and the #am: size were obtained from (:a~11 of the 
corresponding CIII’VPA of Figure 7, t8hc:n t,h(~ smoke 
woultl cvitlcntly be homogeneous.‘4 HOWWCI., lhis 
mctjhod wordd fail for radii near 0.15 micron where 
the curves cross. 

Similarly, the color of the transmitted light< serves 
as an approximate mcasurc of the particle size, anti 
an unsaturated color intiic:at,c:s a distribut,ion of sizes 
(see preceding text, and Chapter 22); but, the: tlistri- 
bution curve cannot, bc obtained from t>hc: w:tvc- 
length intensity clist>ribu tion of the t,ransmit,t,c:d light. 

21.4.1 Polarization 

‘l’hr: angdur distribution of int,r:nsity ol the light, 
scattered by irregularly diy~rd particles has not, hc:Cn 
analyzed in detail. The ltayl($$ theory is applicable 

to c:xt,rc:rnc:ly small part,icles no matt,er what, their 
shape:. However, for larger part>icles near t,hr? limit: 
of t,hr Rayleigh region, shape and internal st>ruatur’e 
I-law: an effect on the scattering. The rst,io iz/&, 
called the depolnu&i’on j&w, is groat,c!r t,hun for 
spherical particles. Lotrnar I5 has shown that the 
internal crystal structure of solid particles has a much 
grt!st,c:r effec: t on the polarization t,han does the cx- 
ternal shape? of t,lia particle. 

When vc:ry small parlicles are illuminatecl by 
polarized light the Rayleigh theory shows [equation 
(3) J that iZ is zero everywhere. For larger spheres 
exhibit,ing Nlir: scatltering, or lor irregular particles 
exhibiting dcpt~lurization, iz is not zero. Krishnan I” 
has shown thcoret~ioally and experimentally that, the 
component iz (scat,tered when t,hn incident light, is 
polarized wit,h its elect<ric vi brations pc:rpc:ntlicular t,o 
t,he plane of observation) is qua1 to the component ,il 
(s&terecl when the inciticnt, light, is polarized with 
it,s eleot,ric vibrations parallrl to thf: plarfc of O~J- 
servat,iou). Thea? two c:omponcnts will bc referred to 
as the rotated components. This rel:~tt,ionship holds 
for a mass of part,icl(:s of all shapc~s ant1 sizes, and l’nr 
all angles of scnttnring, provitl~~tl t,lic: oricnlution of 
the particles is random. 

The l\/lic t8hclory for spherical particles shows that 
t,he rot,at>c:cl components are both equal t,o zero.” 
C~onsc:quc:nt,ly whrn the incident light is unpolarized, 
the componc?nt, & which is ol,scrved, is prodr~ed by 
t,he incidf?nt, c:lcc:t,ric: vitJral,ions which are parallel to 
t,hc> plane of observation, and t8he component, ir is 
prodnceil by the incident, clnct>ric vibrations which 
arc perpendicular to the plane of observation. 

However, when irregularly shaped part,iclcs are 
illruninuted hy unpolarized light<, thr rotatot compo- 
nent,s are no longer c~lual to z(‘ro. (.~orisc:c~~~“‘llly, com- 
parison of the: polarization of t,hc light scattered by 
particles whf!rl illumin:~t~c:tl wit>li unpolarized and 
polarized light, would provide a. rn(:asurc of the shape 
or anisot>ropy of tlic particles. 

It would bc expected that the polarization by par- 
Mcs of :i given form could be used as it mensurc of 
thc:ir Gze, provided a calibration could be obtainctl. 
This wo~dtl require a series of smokes of uniforrn size. 
Att,empts were made to produce or obtain solid 
part,icle smokes sui?iciently uniform for this purpose, 
lout they mere not, successful. 

21.4.2 Scintillating C’articlefi 

Some useful clualit~ativc: information can be oh- 
tained by observing the effect of %ownian rotation. 
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When a bright l’yndall beam is obscrvctl in a solid 
particle smoke, the particles will be observed to 
scintillate due t,o random reflections from the crystal 
faces. Large particles, which are observc:d to fall 
rapidly, produce intcrmit,tcnt, flashes at, a much lowel 
frequency than ihosc from the more slowly falling 
particles. Stoaric acid smokes that, have been agod 
for an hour or more oxhibit these st:intillations, whilr: 
fresh smokes do not,. This indicates that, in the course 
of time the s~rpercool~tl stearic acid droplet~s crystul- 
lize. 

21.4.3 ‘l’ransrnission in Stirred Settling 

The optical density of solid particle xmokes in 
stirred settling may h(: analyzed at:c:ortling to the 
methods described in preceding text,. 

The aerosol, composed of irregularly shaped ug- 
gregates ol’ a wide range: of sizes, is compared with a 
hypothetical aerosol of cquivalenl spherical particles 
having a logarithmic:-prob,2bility distribution of sizes. 
Microscope examination of’ Kitdox (set! Figure I, 
Chapt,er 22) and albumin part,icles has shown them 
to t)c fairly compact aggregates t,hat show no tend- 
cnc:y to form filament,ar.y par’ticles; particle size 
exhibits a distribut,inn curve that follows approsi- 
mat>ely t,he logttrithmic:-probability law. 

In ground materials it, is probable t~h31 1,11(1 numl~cr 
of particles at very small sizes is greater than :r.ppf:ars 
from the: measurementJs, due t80 the diKiic:ulty of oh- 
serving them. TIowevcr, since t,he scntlerctl light, de- 
CI’C:LSI:S with the sixth power of the radius for par- 
ticles below al)out8 0.1 -micron radius, and the contri- 
bution to ~bc mas;n decreases as t,hc: third power of the 
radius, srwll particles are relutivcly unimportant so 
that the approximation nppc:ars to be good enough 
for practical purposes. T3ailey has found a logarit,hmic 
probability dist,rihution in gr'o~~ntl pigment>s.lT 

Consequently on(: can calculate various av(:rag(! 
diameters in a nianncr similar to that dPscri I)(?(1 in 
Chapter 19. The avcragc: scattIering cross section and 
scattering per gram ma&y hc expressed as described in 
preceding text, provided the: scattering coeficient is 
known. 

In t,l~: case of Kadox md other small particles less 
than about< 2-micron diarm%c?r, the Mie theory shows 
(set Figurt? I ) that the sc:att,c:ring coeficient usually 
has a value: between 2 and 4 cxccpt for extremely 
small g:uticlns exhibiting Raylcigh scattering. It was 
found empirically by Bailey l7 that, if the values of the 
diamctcr are multiplied by (~3~ - 1)/(~?1” + 2), where 

YYL is the refractive index, then all the scat,tering 
curves approximately aoincide. 

It has heen found that, this relationship is a81so 
approxiniatc~ly true for the scstt,r?ring curves rulcu- 
lated from the: Mie theory. Figure 11 shows tllcb 
average of the curves obtainnd by plott,ing the values 
of K in Vigure 1 against, the corresponding valur? of 
d(rrr” - I )/(m” +2). It is soon that maximum valuc?s 
of the scattering coefficient, occur when d(m”- I)/ 
(‘UP + 2) = 0.2 and 0.5 micron (dashed line in Figure: 
11). Figure I I is a universal s&tering CIIIW for all 

6 

1 

0 
0.01 0.1 I IO 

@=d 3!Lc 
( ) mPt2 

I,ransparent mat,erials of any refractive index. l‘h~ 
licavy line was drawn t,o average out the trough and 
minor peak since they arc wit,hin the precision of 
measurement,. (See C.%aptor 22.) 

Since! solid aerosol partich~s arc aggregates of small 
primary particles, they will have an rffcctive density 
and an effective refractive index less than the true 
density mtl refractive index of t>he rnatc:rial. The ef- 
fective density has been found expc:rimc?ntally to be 
about, equal t,o the: density of the powder before dis- 
persal, i.e., tllo svcragc: of the density of the solid 
particles plus the air in the spaces between the par- 
ticlcs. The effective refra,otivc! index has been found 
to 1~: given approximately by the same average. 

The author has found that, the: off&ive density p 
and effrc:tivc: refractive index 71~ arc related according 
to the Lorenz-Ilorcnt8z relation, p = Constant X 
(m% - ~)/(Yv,” + 2). The value of the constant fol 
a given aerosol mat#erial is found by subst,ituting the 
true density p,, and t,he t,rue refractive: index &into 
the equation. ‘l’hc constant is equal to I I for Kadox 
and 4 for albumin. Tt is seen that t,he factor (n22 - I)/ 
(‘r~” + 2) is the factor which brings the scattering 
curves for all materials into approximate coincidence. 
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Two curves (Ii’igum I2 and 13), one for ICadox 
and one for albumin, wcrc plotted, showing the: varia- 
tion of the scattering coefficient, TC with 

(23 

Such a curve will yield the scattering coefficient of a 
looncly aggregatntl particle of a given material when 
the product, prl of the diameter and effective density 
is known. 

It has bocn assumed that, the effective density is a 
constant, for all sizes of aggrogutcd particles formctl. 
This means that, the packing of the primary particles 
is the same for all aggregates, which stems probable 
since most) of the aggregutos contain large nurnbcrs of 
primary particles, 20 or mom. 

The assumption that, the refractive index of the: 
aggregated particle is a timcared out, index appears to 
be justified since the prirnery Kados particles arc 
about one-fifth to one-tenth the wavelength of light. 
Since the primary particles arc packed in contact 
with each other, they will not individually give: rist: 
t,o Itaylr:igh scattering hut will behave collectively 

as a single large particle showing Mie scattIering. In 
the case of albumin the part<icles are all so lnrgo that, 
the refractive intlcx has little effect on the scat,tc?ring, 
I< having the constant value 2 as explained in prc- 
ceding text. 

Figures 12 and 13 may be used t’o obtain the par- 
tic:le size and size: tlistribut,ion as described in Chnp- 
ter 22. 

21.5 SCATTERING 1jY LIQIJIL) OR 
SOLID PARTICLES WHlCH 

ALSO ABSORB 

21.5.1 Gcncral Characteristics 

The scattering of light, by c:olorcd p:hrt,ic*les is a 
combination of the scloctivc sc:utt,c:ring by trans- 
parent, pnrt,icles having a reel refractive index, plus 
the select,ive absorption by absorbing particles having 
a complex refractive intlcx. In selective scattering all 
the light, not scnttc~rcd is transmitted, brat with 
selective absorption, some of the light not scattered 
is also not t,ransmitted. 

In co1014 materials the absorption ant1 the I+ 
fractivc index vary markedly with wt~vclcngtb. For 
example, solutions of the orange dye (Calco Oil 
Orange Y-293) wed in orange: Frnokc signals have a 
low value of absorption in the yellow and red, a high 
value in the green and blue! :md an intcrrnediate value 
in the violet. This means that,, for the green and blue 
wavelengths, dye particles and oil droplets containing 
dye will have: complex scattering and absorbing 
propcrticq while for the red and yellow wavelengths 
such partinlcs will exhibit, approximately the: nclcctivc 
scattering b.y t,ransparent part,icles. 

At wavelengths of low absorption the: optimum 
particle size of a colored particle will Ijc approxi- 
mately the same as that of a transparent particle of 
the same real refractive index. 111 the case of dye dis- 
solved in oil of ma1 refractive index 1.50, the optimum 
particle size would hc about 0.3 micron for red and 
yellow. Since the absorption of green srd blue is 
higher, the refractive index at, thcsc: wavelengths 
will be higher, and thereforo, the optimum part,icle 
size will be smaller since it decreases with incrcssing 
rt?fruc:tive index. (See Figure 9.) 

The exact, form of the dinporsion curve for pure 
Y-293 dye is not known. The rnfractivc: index of the 
pure dye for red and yellow is I .X. For green and blue 
it is probably higher; for violet, probddy lower. In 
any case, the optJimum pa&lo size: is lower than for 
Diol or for dye dissolvd in Dial. ll is probably near 
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microsaopc having an objective of numerical apcrl~n~: 
about 0.85 and magnification of 120 dinmeters. This 
was used with a micrometer eyepiccc:, magnification 
20 diameters, which was calibrated will-i a Zeiss st,age 
micrornctrr. C)nc! tlivision on the ocular micrometer 
= 0.86 micron. The* diameter of particles of 0.3 
micron radius 3~1 I:rrgc!r could be lead to f 0.1 

division or about< +O.l micron in diamctcr, i.e., 
*0.05 micron in radius. Particles below 0.3 rnicrou 
radius could only be estimated. 

Dstribution curv(‘s were obtained by c:ount,ing 
about 200 particles. A count, of a larger nllrnbcr of 
particles would be ncccxsary for an accurate: tiist>ri- 
bution curve, but the number counted eoc?motl suf- 
ficient for t,he purpose of testing the performance 
of the differential settler. 

Tlicm wafi some indication of separation of si.zcs 
along Ihc tlircction perpendicular to the hot wire. 
The smullcr particles seemed to 1~ deposited sooner 
than the: larger, in conformit,y with t,he theory (Chap- 
ter 19). C:onscr.~uc~rit,ly, in order t,o obtain as true a 
count as pomi?)lo, the counts were made along several 
lines which completely traversed the deposit. 

The particles were deposited in two strips aho~lt 
1 nirn wide: and I cm long, i.c., over an area of 0.2 
sq cm. In 2-min flow at, a rate of 3 cc per min, a 
smoke of lo” particles per cc would yield a deposit 
of (i X 1W parl,ic:lca. These (i X 10” part>icles of 1 mi- 
cron radius liavc a total cross-sectional area of 0.002 

sq cm, or 1 “Aj of t,llc: area on which they are deposited. 
Thus I “/;) of these particles should beexpcc:t,c:tl t,otouch 
and form some sorl; of double particlc. An equal 
nlunbor of smaller particles are less likely to touch, 
mtl the time of sampling can be shortened for large] 
purticlcs. 

The normal appearance rmdcr tllc? microscope of a 
deposited srnoko prepared from ~lntlccomposed stearic 
acid is that of solid spheres, which are probably 
supcrcoolcd liquids of high viscosity. (The melting 
point of pure: st,caric acid is 69 C.) F’roquently, how- 
ever, the part,ic:lcs were not spherical. There were a 
few doublets which could have been forrnt~d either by 
coagulation in the: aerosol or by collision at, the time 
of deposition. 8omc!times the slides showed many 
crystals, either Icavc:s or t,otrahedra. Thcsc wcrc most, 
numerous when using m old batch ol’ stcwk acid 
which had turned dark brown from the decornposi- 
tiori products. 

Cryst,allization may hav(: occurred in the aerosol, 
hut, more probably al tlic time of deposition on the! 
slide, (It, was frequently found that particlcx, origi- 

nallytloposit,ed as spheres, had changcrl their shape by 
the following day.) Scintillating crystal particles are 
always ol~st:rvc:tl in an aged smoke and only rare1.y in 
a freshly rnudc: llot,c!rogcneous smoke. No scintillating 
psrticlcs wcrc observed in rnany fresh smokes which, 
after deposition on t,llc: microscope slide, showed loaf 
or tetrahedral crystals. It scorns probable, therefore, 
t,hat, the condition of the surface of t,he cover glass 
caused the observed variety of shapc:s of the particles. 

As has already been mentioned, drops will spread 
when deposited on a hard surfucc: so that the diameter 
observed in the microsrope will 1~: too large. 

The thermal precipitator was also used to obtain 
deposits of lithopone and zinc oxide on electron 
microscope slides. A brass disk, having a depression 
cut to fit an electron microscope screen, was used in 
place of on(! of the light microscope cover glassclr. 
This rncthotl was found to be very unreliable since: 
most of the particles were deposited onto the plastic 
film on top of the wires where they could not be ob- 
served. Furthcrmoro, the heat, from t,he wire tended 
to break the film on the screen. 

A microscopic csamination of the plastic film on a 
new screen rt:vcalcd t,he fact that the film sagged be- 
tween the: wires. The center of the film was as much 
as 20 microns lower than the part, touching the wires. 
This is one-fifth of tlic tlist,ance between the screen 
and the hot wire ol the thc?rmal precipitator. The re- 
sult is that the thermal gratlicnt, is 25(x, greater ove7 
the wires than over the c:c:ntcr of the film, so that, the 
particles tend to deposit on top of t,hc: wires. 

Figure I shows one of the few good thermal tic- 
posits of %nc) obtained. The sample for Figure 2 was 
prcparod from a liquid dispersion of lithoponc. The 
latter appears to b(? t,he only reliable method of prc- 
paring electron microscope screens. 

22.2.3 Gravity Settling 

Gravity st?ttling yields a slide on which the particle 
number distribution usually differs from that in the 
aerosol. Unless the slide is left in so long that all the 
particles sctth: out, the number of particles of smaller 
radii which scttlc out, will be less than the true dis- 
tribution in proportion to the: square of the radiuti. 
[See equation (l), Chapter 19.1 In gcncral, it, i8 im- 
practical to wait for all the srnullost, part&s to scttlr~ 
out. 

Consequently, the slide: is usually placed in the: 
aerosol for a few minutes and tlic numtlcr distri~~ution 
corrected by multiplying the obsc:rvc:d number of 
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According to equation (2), Ch:qder 19, i l l st,irrc:tl 

settling the fraction .fS of particles having :J, given 

velwity 21, wliioh set,& out, during the tinw t of cs- 
posure of t,he slide is 

In gcncral, the type of sett,ling of an :~rwsol in LL 
closed chamber is somewhere bctwccxi tJr:l,nquil :~nd 

stirred settling, so Llirtt an exact correction c:bnnot bc 
applied imless care is tJaken t,o mnint,=Gn citliw Ir:~n- 

yuil or stirred settling. For small pnrticlw, gr:tvily 
settling is not) suited t,o obtaining :L rc:F)l.c’srnl,~ltive 
sample hecause of t,he length of time! rcquird. 

22.2.1, Mass Chcentration 

The ma,ss concentration of an ;~r:ronol c:m ~wu:tlly 

The elliciency of cdl&ion is observrtl by tlr>hwing 
t>he filtered :air t,hrough a sphoric;nl flank illumin~tted 
with a Tyndall beam. Tf nn tL~qw:id~l(: nrd,er of 
pnrticlos arc? olwrvfd, mow &MS wool sliould be in- 
sert,ed, or the de of flow decrensod. Srn:JI p:wticles 
pass through tnorc rcwlily than large pw~~icles. 

22.2.5 Optical Mass-Concentration M-etcr 

The opticd mttss-concent,ration met>er may b(? usd, 
when citlibr:tted, to measure concentrations from 
200 pg per 1 down to 10 :j pg per 1. The instrumc:nt, is :t 
form of Tynddl metIer, modified so that, tlwk field 

illumination is usctl. ‘1‘1~~ light scaMered forwwd d 
angles from ahout, 5 to 30” is ol)served, ins&d of tlld 
scattered at, 90”. Au tlw Mie t,heory shows, the oh- 
served intf?nsity iwy thus be 100 or even 1 ,01)0 tirncs 
greator. The: instrlmlent TKLB developed for mwsure- 
mc:nt, of filler penetrittion .I2 

A bl~~ck, op:tque disk Tz of about, $$-in. tii:uncter is 
pnintctl or glued onto t<h(: l~rls 112. This disk U blocks 
out, :L cone 01 central rayn. OtwrvuLiofi dong the ssis 
of tllr cone through thr: wirdow W (:tlmrk ?b-in. 
tli:wwt,rr) shows the smoke 1~rilli:tnLly illuminat8c:d, 
but, no direct rays rwdi t,lic qw. The ol)server sew 
ody t,h.e rays which :~c xcat,tered along or ntw the 
:lxis of the cow, ttic: direct rays from t)he sourw bc:ing 
d~sorbed by the: blwkrned end of the chamber. Strwy 
light, is reducecl to H minimrlm by blackening the 
whole of the intjc:rior of the chamber, preferably with 
soot. 

When no smoke or dust, particles :wf? prcscnt, the 

observer xccs only the black b:wkgrourd of the disk 
D, provitlcd tlw aperture A. is small enough. The 
qxrturc A must be so small that, no sc:l.tt,c:rc:d light 
from the: dgc of D or from dust, pnrticlos on the 

lenses rcacllcs the window. The nporturc: A must, he 

larger than the imitge of the source. Whc:rl Lhe lenses 
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we not aclmm:~hc:, violet, rays xhi kc the edge d 
A hut R,I’C HO faint! that the rwultant~ shy light, is 
quite weak. 

The sensilivily of the apptmt,~~s is such that the 
(Lust in ordinary room air appcxrs L)rillinntly il- 
luminated. C!orrsc:quently, tIhc c~l~.rrrl~ must, he 3ir- 
tight. TRIP zero rding for no srnokc in the cl~rtrnlxx 
is made wliilc wdl filtered air is p:l,ssing througlr. 

The rdihr~tt~iorr is correct over :L wide range of mass 
c:orrcent,~ations ~~lovitld the parlidc size: rem&s un- 
chnrigc~cl. 1~‘~ this rexson thc3 smoke must, not, 1x3 so 
dense: t~hat appreciable c:o:r8gulatIion omi rs. This sds 
:m upper limit, Lo tllc: mass conccntr:.Aon \vhich de- 
WCBHW with particle size!. Recallsr nf tlrc short, t>ime 
of flow the maximimi :dlo\v:l~hle numk~r (,orrc:c:rit~~,?,tion 
is IO” pc’r ml (see C%upt,cr 19). Therefore, :r. 0.5 mi- 
won rxtlilrs homogeneous smoke n-ill nol show :tpprc:- 
oiitblc c:o:l.gulat,ion up t,o 600 yg per 1 \\-llilc :I. 0. I5 
micron rxtliiis smoke mmlsl not, 1x3 over 14 pg per I (SW 
preceding I crt,). 

The measur~crn(~rrt,J or other prnrposc: for which the 
M:IY~SO~ is used must, not, chnngc Grc Ixuticle size ap- 
prncinbly. For (‘x:Lrnple, when rlsirrg het,t,rogeneous 
smoke to mensnrc: filt,c:r penelraliorr, tjlic: clilut,e smoke 
\\-lrich issues from the: filter usrnally 11:~s :.L smaller 
:tvcmgc particle size 1Ji:m the more (:ont:c~rit,r:bt,etl 
stnokr, rntjoririg the filter (SW Chnpters 19, 23, :mtl 
24). Consc:qu&tly a fairly homogeneous smt)k(: is 
particrJ:trly riccessary when rnc:ar;ur~inff filt,er penclrx- 
tion with tlrc optical mnss-coric:cnt,l:lt,ion meter. 

2% .X .I Measurcrncnt al’ I’ndividual Par titles 

The velocity of f:dl of particles rmth gravit,y mrty 
1)~ used in a varic:tJy of ways to mrasurc! their size. The 

sirnpl(:st, mdhod is to ol~~vc: witIh a low power 
niicroscope the intlivitld~l particles when bripht,ly 
illumirrat,ed in a srrdl closcxl chamber. The mdiur! 
rn:ly IN cdculat,ed from tlic: ohsf?rvecl velocity of fall 
by m~rrs of t,he St,okes-C:rrrrrrirrgh:bnl law of fall. (See 
C:lr:r,pt,er 19.) 

X2.3.4 The Homogeneous Smoke: Settler 

The pnrtIic:lr~ sizt: of a hotnogcncous smoke may 1~ 
wrivwien t,ly rric:i,sud by observirr~ t,hc: rate of fall 
of tlic: t80p of the c:loucI in a tietItling c:li:d~c:r frtx? from 
wiivoction crurcxits. (Bee Chapter 19.) The ol)sc:rva- 
Lion is made will1 u Tyrirlall beam Crotn u source which 
may lx: 11~1~1 in die li~itl or mounted so l,lit~l it (xri 
he rnovc:d up and dncvn convcnient~ly. If CRIV is t :I,kcn 
to shicltl the cll~uril~c:r from radi:tt~iorl, 1,11(1 t,(q) of tW 
srrrokc cloud will rr:rn:Crr quit,e fld ~mtl sll:lrp for :l,n 
horw or more, 

A form of set,tling cli:d~, previously descrild,la 
consislrtl of :I, k-in. cliatnel,c:r l’yrcx tube 18 in. long, 
closed :~1, thcl hot~toni wiLli :I, ribber hopper tmtl :tL 
the top wilh :I, brass pl:ttc c*crnc~ritcxJ t80 the glass. Tliis 
c:li:bmber is sril)rntqqd in dislillrtl ((lust, free) matIer 
c~orrt:Cnetl in :moLhc:r glass cylinder :-mtl kept, at, a 
uniform t,emp”‘:lt,rir,c: by stirring. 

Smoke is irri,r~otluccd through Iwo hss t,uhes 

sohlered to ld~s in t,he brass top of the dtling 
c:lr:r.rnt~er and eslcrdirrg above the w;alcr 1~~1. These 
tIrll)cs c*orrtnin needle VL~IVCS which iare operntctl from 
drove tJw w:it,er level ljy \virr>n or Arings. This ttp- 
paratus tLvoi[is meclianird :i,rrtl tcmperatIure ilis- 
t~udxtnces. 

Tranquil selt,lirig may best be oh tairlctl by placing 
UN: chamber in LL tlsrkorred room free from tlrtlught,s 
or other causes of rapid t,empe&urc clrsrrge. A water 
cell should 1~ ust:d to remove the lrc::l.t, from the Tyn- 
tldl beam, wlricli is turned on only wlicri :I reading is 
txirig tflnken. 

‘I’hc height of tlrc cloud is recorded :Lt, suital)le 
tirnc: intervals by siglitirig along the top of tlio cloud 
xrrtl marking the position on t,he wdl of the wn,ter 
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WATER JACKET AND ASSEMBLY DETAIL OF NEEDLE VALVE 

FIGIJ~ 4. T)ifTcwnlitd settler. 

jacket, with :A WHX pencil. A prcx:ision of 5’s or bc!ttc~ Radii clowr~ to 0.1 micron may he measured by 
can Ix: ohtaincd readily from four successive rr:ad- observation (wit,ll :.i low-power microscope) of tllc: 
ings. individual tiroplcts in a small chamber. l+‘requentl.y, 

‘I’hix rncthod can be used for rates of fall from about the microscope observatIion can he madc on the top 
4 cm per hr up to 160 cm per llr, corresponding to of the cloud. Although the top becomes consideraMy 
radii from 0.3 to 2 microns for a mat,erial of lmit spread due to HrowrLn movarnent (see Chapter II)), 
tionaity, and radii from 0.2 Lo 1% micronfi for tna- an averngc: position can ho measured with fair :LC- 
terial of density 2 g, per cc, such as sulfur. curacy. This method yields sufficiently accurate re- 
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suits with a few 1r1(::1s11rc!ln(~nts in the oasc of a 
homogeneous srnokc. 

For radii Mow 0.1 rniwon the Brownian movc- 
ment becomes so large: that, the results are unreliablr. 

22.3.3 Differential Settler 

Thr: clifforc:ntial wttler is an instrruncnt, dcsignod t,o 
meaxurc tho size and ~iz(! distribution of a hc:tc:rogc:no- 
ous smoke. As dcsc:ribc:tl in Chapt,ers 19 and 21, 1,1lo 
rate of’ change of the nrunhcr of particles, Au/Al, at, u 
fixed height in an aerosol in t,rancluil settling is pro- 
portioned to the rate of changct of the scattIered light 
intensity Al/At. 

Figure: 4 is a diagram of the apparatus constructed 
and usc!tl to measure the size distribution of a variety 
of smokes having spherical particlc~.” 

The settling chamber consists of a hollow brass 
cylinder closed with brass end plai,ns, 3 in. in diamet,er 
and 2 in. high, inside dimensions. The: walls of the 
chnmbcr arc ,$i in. thick. 

The smoke is illuminated and obs~~ed through 
plum: glass windows cemented IMY* circular holes 
bored in the side of t,hc: chamber. The chamber is 
submerged in distilled (dust, free) water contained in 
a brass water jacket and kept, at, a uniform tempera- 
ture by a stirrer (not, sl~own in diagram). Tho wat,c:l 
jacket also carries windows, located opposite the: 
windows in the settling chamber. 

Smoke is introdrlccd through two brass tnbcs 
soldered to holes in the top of the settling chamber 
and extending above the water level. These trlbcs 
contain needle valves which arc opcratctl from alcove 
the wat,c:r Icvcl by wires. This apparatus avoids 
mech:tnic:al ant1 tompcrature disturhunt:cs. 

In ortlcr to make reliable intensily rnoatiurements 
and alst) to prcvcnt, convection curr(:nt,s, it, is neces- 
sary to rr:tluc:c: stray light, t,o a minirnum. For this 
purpose, clear plan0 &lows consisting of polarimf!- 
ter tube cover glass 23.7 mm in diameter are I~XM~. 

ny means of a slit 2 mm high and 8 mm long, t,hc 
illuminating beam is made srn:~dl orlough so that it 
c:nt,crs one window and leaves by a diametrically 
opposite window without, tJouching the c:ha.mt~c:r walls. 
The light, is made roughly monoc:hrom:l,t,ic with a 
green filter and in completely scrrcnc:tl off between 
rcatlings. 

The: illumint~tcd smoke is observed at, an angle 0 of 
45” + 5” t,o the: in&l& beam, as shown in the dia- 
gram. ‘l’hc int,c:nsity is measured with a Luokiesh- 
Taylor brightness mc:t,c!r. The S-mm depth (in the 
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dir&ion of obnr!rvation) of the illuminated volume 
of smoke provides sIlffic:icnt, intensity of scattered 
light, for accurate measurement. The smoke should bn 
as dilrlt,c as possible in order t#o prcvcnt coagulation 
during t#hc tirnc of a run. With fine particle smokes, 
this t,ime mtty b(? w much as an hour or more. 

The 2-mm thickness (in t,he vertical direction) of 
the illuminated volurnt! is the least that will provide 
a large enough field of view for good matching with 
the T,uckiesh photometer. The thickness of the illumi- 
natctl region should bc! kept as small as possible rela- 
tivc t,o the height of t,hc top of the chamber above the 
illuminated region. A convenient, height is 1.5 cm. A 
grcaf,(?r’ height makes the length of some runs exces- 
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sive, and a smaller height introtluces too large an error 
in the det,ermination of the ntartinp time of a ehorL 
run. With the above dimcnxions th(! intensity oh- 
served at, any one t,ime is that due to all particles 
within the region 1.5 + 0. I cm from the top. This 
introduces ;m error such that a smoke of uniform 
particle size appcurs t,o have a spread in sizt: of about 
7%. This in not considered cxccssive. 

When the particle density is known, the part& 
size can 1~: calculated from t)he relative intensity at 
any time provided the law of scattering of light with 
particle size is known. In the previous m(:asurement,s 
described elsewhcre,14 it was assumed that) tho law of 
scattering for sphrricnl particles was given with 
sufficient, accuracy by making p [sc(: equation (I I), 
Chapter 211 equal t,o 3 for all valuefi of the radius. 
This yielded a distribution curve which W:ER not even 
approximately correct in some casts. 

RAMUS IN MICRONS 

Thr: true law of scattJering is given in FigtIre 10, 
C:haptcr 21. Some of the d&tribution curves, pre- 
viously given, were correctc:tl by means of Figure 10, 
Chapt,er 21. The rc?sults rue shown in Figures 5 to 8 
which show the r&tivc: mnnber of particles dn of 
radius T micronrs. 

It, will ho s(:cn that some of these curv(:fi, notably 
t,hos(f in Figures 6 and 8, nrn complotc:ly altered. It is 
not certain that the cllrves of Figure 10, Chapter 21, 
are tlic proper correction curves. 111 correcting the 
distribution CIII’VCX, the observed 7 ($, ~preacl in 
particlo sizt: as well as the 10” sprcatl in angle was 
t,akt?n into account as far as possibh!. 

A mart: reliable method would 1~: to obtain an ex- 
pcrimcnM calibration curve using very homogeneous 
smokes. 111 additjion, a type of illuminalion similar to 
t,hat used in the optical mass-concentration meter 
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might, bc used. This would provide a greator :II@~I 

spread in illumination which would tend t,o smooth 
out the calibration curve. 

Furthermore, more intense illumination would 
make it possible to use smokes of low concentration, 
thus avoiding coagulation which may have been a 
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tlisturbing factor in the measuremcmts rn:ule lvith 
the differential srttler thus far. 

22.3.4 Stirred Aerosols 

Tlr(: quations to be used in tlio mcasurernent, of 
particle size: ant1 size dintribut,ion of uniformly 
stirrotl :~.c~~~~solx have been given in Chapter 21 . 

If t,he aerosol is initially homogc:nc~ous and under- 
goes slow coagulat~ion, equation (13)) Chapter 2 I, de- 
scribes the c&y St:qoA in tlrc: life of the aerosol. 
Borne c~xpc’rirrrcrrt,al results obtained by this trans- 
mission mctlrocl have been described elsewhnrc!.‘” 

0 J I 
0.1 0.2 0.3 0.4 0.5 0.6 

RAOIUS IN MICRONS 

PICURE 8. (lorrertetl ard ~mrorrectec-L differentid set,- 
t,k!r F,,I’“,‘S. 

Whc~l a hetc:rogeneous aerosol is sufficiently dilute 
so that, c:oagul:&ion is negligible, equations (14) Lo 
(20), Chapter 2 I ,may be employed. This transmission 
rnc!thod has been used Ifi to obt,ain the initial size tlis- 
trilnrtiori of aerosols of zinc oxide and egg albumin 
dispcrsrtl wit,h that pyser snd with the gas eje&on 
boml~ describetl in Chapt>c:r 20. 

The average diamctcrs of the: c:quivalrnt spheres 
(see Chapter 21), that is, splrc:rc:s having the density, 
rate of settling, refractive index and st:ttt,tc:ring cross 
scctiorl of the actual particles, were obtained from 
rncasurcmcnts of the initial scattering per cc of 
:~~rosoI, S, [equation ( IS), Chapt,er 211, and tlrc rnsss 
c:oncentration, 1M, [equat,ion (9)) CYuq~tcr 191. The 
values of 8, and Mt were plotted on scrni-log paper. 

Ext,rapolation of these curves to zero time gives the 
initial sc:al,tPririg per cubic centimeter, &, ant1 the 
init ial mans concentration, Mn, from which the 

initial scattering per gram, A. = &/M. [equation 
(18)) Chapt,er 211, is obt,ained. The slopes of these 
trio curves at zero time give the initial values of 
u8 = d/d1 log S, [equation (17), Chapt>er 21 J, and 
&1 = d/dt log Mt [equation ( I(;), Chapt,c:r 191. 

Tn or&r to facilitat,c? the analytiis of the: c:xpc:ri- 
mental measurements, figures mere drawn from which 
the values of p, rl,, and u. can be picked off when t>he 
experimental quantities u8, 1~ and 4 ,, are known. 
These figures were calculated by means of equations 
(5) and (I C;), Chapter 19, and (18) anti (20), Ch:q)t(:r 
21, as dencribnd in following text,. ‘I’li~y art: pa&u- 
larly useful whc:n th(\ parti(!lcs arc so small that t,he 
scuttcring c:oc:fficicnl is grcatcr than 2. This is the 
case for all Iladox particles and lor t,lie smaller sta- 
Cstical diamet,ers of egg albumin, alt~liough in the 
latter case & is only a little greater than 2. 

Figure 9 shnws the vducs of (TV und p&, cnrrespond- 
ing to a set of values of A,) and IC for egg albumin, 
where R = t~,,~/ll~. To obtain this figure, appropriat,(: 
values of u, and pd, were chosen and from thmc?, 
p&, ph, pd,, and pdy were calculated by means of 
equation (5), Chapter 1.9. Using Figure 1.3, Chapt>er 21.) 
Kz ~ntl Ii4 c:orrt~fiporitlirig to pd2 anti pd4 art: rc:Ld off, 
and tlicst: V:I.~UCC;, t,ogotliclr with prls :d p&, are 
substil~iltcd in c:quationr; (18) and (2O), Cliaptcr 21, to 
a:~l~:ulat,c! A 0 ml n "(?C,/ll,,,). 

Figure 10 shows t,lrc? values of p c:o~r,c:sporrding to a 
set of values of ,o& and h,u,, c:alculat~c:tl I )y means of 
equations (5) ad (IB), Chapter 19. 

The figures arc rwtl 1)~ finding on Figure 9 the 
value of ug and pdu corrcspontling to the experimental 
values of A., and TL = ZL,,~/~L~. Using the value of uD 
arul pd, thus obtained, p& is calculated by means of 
equation (5), Chapt>er 19. Using this vnluc of p& und 
t>he experimental value of hu,, t,he value of p is ob- 
tairmd from TGgure 10. The weight median diamt:t,cr 
(f6, or other statistical diameter may then be calcrl- 
latrd from equation (5), Chapter 19, using the: values 
01 my :tnd dy just fo~mtl. This calcubtion of ds may 
be checked by rncans of equation (I 7)) Chapter 21. 

22.1, OPTICAL, METHC)DS 

22.4,.1 The Owl 

As tlt?scribed in Clrapt,er 21, the colors and polari- 
zation of t,he scattered light may be used to deter- 
mint: tllcb particle size of a homogeneous smoke of 
spherical particles. An instrument, called the 0ro1, 
has bcon constructed and used for this pu~pose.‘~ It, 
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consists of an observation chamber and light source 
which may be held in the hand and rot&d while 
ohsorvirrg the smoke thmugh :I low powc~ micro- 
scope. 

The observation chambc?r is tt ldlom metal cylintlor 
3 in. in diameter arid I in. high (II>) having flat, cntl 
plates, Viguros I I and 12. A window &G in. high is 
cut in the side: for an ungular distance of a little mora 
than 150”. Over this is cemented H scation of a 
cylinder of uniform glass whoso inside diameter is 
qua1 to the outside diameter of the chamber. This 
window enables observations to ho made at a11 angles 
bctwcon 15 md lA5* by rotating the: chamber (and 
at,tachcd illuminator) about, an axis through its 
oc:ntor. The axis of rotation in pqcndicular to the 
plant? of observation. 

‘I%! illuminstor is construct,cd from microscope 
c~ycpicccs and tin automobile headlight bulb as shown 
in Figure 11. The arrangctmcnt shown provides a 

sufficiently intense light beam, parallel to _+ 3”. 
Whorl the illuminator is properly ndj usted, the light 
beam just clears the opt:11 c:nd of the light trap. 

On the opposite side of the chamber from the 
illuminator is a light trap consisting of a 5,&-in. 
diameter tube 2% in. long with the far end closc:tl 
with a metal plate. Except, for the: window, t,he inside 
of the chamber should be blackonccl with high quality, 
dull black optical lacquer and, prcfcrably, also covered 
with soot. This can bc conveniently done by means 
of the flame from burning camphor. 

A samicircular scale, graduated in degrees, is 
mounted on the bottom of the chamber as shown in 
t”igurc: 11. The illuminat,or should be located at, 1.80” 
and the light trap at, 0” Lo within lo. A fit-1uciar.y mark 
xhould be placed on the supporting bar, extcndcd, for 
reading the angle of observation, 0. The chamber is 
rotated by using the: light trap as a hnndlo. 

By means of an &)mizer bulb, smokt: is blown in at 
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the bottom and out, through the top of the charnbcr. 
.4 ball valve is located al the bottom of t,ho bulb, and 
another at, the top of Lhc chamber. A type of valve 
which does not stick easily is required. 

The observations are made through a long focus 
microscope, of magnific:at,ion fi X , constructed from 
ordinary microscope eyepieces as shown in Figaro I I . 
The mioroscopn ic; focused on t,hr: smoke particles in 
the wntcr of the chainber. 

‘l’hc polariz&on photometer (soo Chapter 21) is 
made by mounting a bipart.it,e Polaroid disk in the 
eyepiece of the microscope, in good focus, with the 
dividing line parullcl to the plane of ol~xwvation to 

i 1.‘. This setting may bo made as lollown. Remove 
the chamber and illuminator from their supports and 

mount, the illuminator so that the direct betim can be 
seen through the photometer and microscope. Mount, 
a Polaroid (hcrt!aft,c:r referred to as t,hc poZc&xer) be- 
t,wecn the illuminator and telescope:. The polarizing 
axis of the polurizcr is set parallel (or pcrpendiculnr) 
to the plane of obst!rvation and the analyzer (see 
following paragraph) iti set, perpendicular (or parallel) 
thereto. When the: polarizer and analyzer are thus 
cros.sed and Ike bipartite disk is orient,cd correct,Iy, no 
light (excepl for the! residual violet always trans- 

mitted by Polthroitis) will be tranxmittod. If any 
white light, is transmitted, rotate the bipartite disk 
until extinction is obtained, and fix it in this position. 

The bipartite disk was made by the Polaroid Cor- 
poration (Cambridge, Massachusetts) using their new 
Pol>Lroitl-H laboratory-type film which, thc!y report, 
gives uboIlt, 99.99 (z polarization throughout most of 
t,he visible region. The polarizing ILXOS of the bipartite 
disk are respcctivoly perpendiculnr and parallel to 
the dividing lint to & 1’. The dividing line bet8wccn. 
t,hc: two halves sl~oultl be as inconspicuous as possible. 

T1-ic? analyzer is placed in front of or in the eyepiece 
between the b,iparbite dislc and the observer. It, consists of 
a picco of Polaroid-H I&oratory glass mounted so as 
to be readily rotated about a horizont,al axis. The 
angular sct,ting, 4, is read off u quarter cirr:ul:tr s&o 
griduated in tiegrees. The scale is mounted SO that 
thr: c;et)ting of the analyzer is accurutc to & 1’. When 
4 = 0’ the vibrat,ion or polarizing axis of the analyzer 
lic:s in the plane of observation. 

A piece of Wratton 58T3 green gelatin filter is also 
mount,ed in front of, or in, the eycpiccc. This filter 
should be fastened to the front fat:c of the analyzer. 
Both the analyzer and filter should be readily re- 
movable out of the: line of sighl. 
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21 CP, 6-8V BULB, IN ADJUSTABLE HOLDER 

NO.2 LENS 

LOCATE LENSES SO THAT A 
PARALLEL SEAM OF LISMT 
IS FORMED BY ILLUMINATOR 

I I 
3 INCH SCALE 

ENTRANCE AND EXIT VALVES 

LOCATE LENSES SO 
TELESCOPE IS FOCUSSED 
ON CENTER OF CELL 

NO. 6,5 AND 2 EYE LENSES 
(f hlb!!“) FROM MICROSCOPE LIGHT 

EYE PIECE TRAP 

NO. 1 AN0 NO. 4 COLLIMATING 
LENSES (f 2 2”) FROM 
MICROSCOPE EYE PIECE ll 

YTGURlf 11. P!iLtI of owl. 

expc:l’iment,dlgr 1)s obscrvirig Qic: rate of fall of 
homogeneous wlokes untlw gravity in thr sm:tll 
scllling charnher descrilwd in preceding text. 

The cslitmttion curvw extend t1ow11 to 0.05 micron 
hut, rdings below 0. IO ure not, roli:lblc. It must, IX: 
emphasiactl that, thw: wwes can b(: unctl only for 
small particle smokw of radii hc:low 0.2 micron (fog 
sulfur md t~ryphcwyl phosphate: only below r = 0.15 
micron). In othrr WW~B, tJhc:y ~ho111d not, IX: used 
whc:ri Clie numbw nf spectra (iwtls) ohserved is t8\vo 
or more. 

For mew~rernent, of particles of radii from 0.20 up 
Lo 1 .O micron, remove the analyzer and green filtw 
and counl the numhrr of t,imes rod is seen in 2’, a8 t>he 
observnt~ion chamlw is twned from nc~,r 0 to ntw 
MO”. The description of t,he colors ol)served is given 
in ChaptIer 21, ant1 the ctzlihrat~ion wrve is shown in 
li’ignrc: 4, Chaptx:r 21. 

!I%: ohservntion~ of the numlw of reds must, he 
matlo on the scatt,c:rcd component, iI alone, since: the 
compwwnt iZ exhibits a different, writs of spwtrrt. 
The wmponent, 71, is seen mhcn the vikrat,ion axis of 
the analyzer is vertical. TII :L Polaroid-H disk, this 
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’ : ! ’ k-/.‘DIAM BRASS SUPPORTING TUBE 

BRASS SLEEVE OVER OBJECTIVE 
END OF TELESCOPE TAPERING 
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axis is p:~r:tllel to the? tli:~mt:t,c:r through the diemontl 2.X2X/r. Ttic dttive irAensitg of thr first four rings 
rtdd on t,he disk. is ,zpprosimatoly 1, I,;;, ${o, $60. 

The ang~ll~~r radii of thr! dnrk rings ure given simply 
by sin 0 = (1~ + 0.22)X/273 whc:rc 71 is the order of the 
ring. 

When ohswving the spectra, at8tc:utiou should be 
paid t,o the: :mpul:tr posit,ion of the: rr:tls (Figure 5, 
Chapter 2 I ) :as well as their numhcr. IIS is seen clearly 
how the podion of the first, red shit%s from 100 to 20” 
ns thr nurnber of spectra iucrwsi(:s from one to wwn, 
id:., H,S lhr prtrt,icle radius incrwses from about, 0.1 t,o 
0.7 micrt)n. 

“2.4.2 ckmmae 

The rrtdi i of tr:uispnrcnl log droplnt~ of 5 or 1.0 

The rings are observed most dearly in a fog of 
uniform tlroplct size. Espericncr 1~s shown, howcvcr, 
th:d the uniformity riwtl not be so great a~ in the 
(:a~(: of Mie sc:ttterirq. Koliler ly has used this rnell~od 
for the meit8uremcntJ of the droplet tiizc: in water fogs 
of alwut 8 microns dills. Ile found th:d the rings 
are usunlly protlr~cd by the pretlomir~unt size, with 
the larger sizes being favored since tllwy produce the 
smallest, ad brightest rings. The? writer has observd 
several colored rings in w:Ltw fogs which cont,zinotl 
dropletfi varying in radii from 4 t>o 16 microns or 
grest,or. 

microns and over can be oht,ainecl by observing the 
tliffr:trtion rings or coro~ri~~~e formed w011nd either a 
point ,cource d light loc:tt,ed in the fog, or, prelerably, 
:a beam of light, shining through the fog. These diffrw- 
tion rings we similar in appfAr:mc:c Lo the colors ob- 
served in Mic scattering hy ~rnallcr droplets, cwcpt 
that, the angles at, which the colors qpettr are muc:h 
smallor. 

It is seen that, the sizt: of the rings is inrir:pcdent 
of the index of rehwtion 0r the droplets. This is so 
hmtuse t,he equations are derived for dift’raction by 
qaqrte disks. Vor this rcttson, Wilson 2’1 ALto lliat, 
the equations arc riot, accurate for rdii less than 10 
microns ant1 scattering angles B grwtcr than 10°+ 

According t,o the theory of diffraction for oprtque 
disks, the angular dius O1 of the first, bright ring is 
given by sin & = 0.819X/r where X is the: wttvelength 
of the light and r the r:tdius of the tlropIct.lS The 

w:ond bright, ring is given by sin Ba = l.MAh/r, the 
tllird by sin 8:: = I .858X/~, and the fourth by sin 04 = 

For :wcurutc me:tsurement, of rdii below 5 or IO 
microns, down Lo 1 micron (below which the Mie 
scattering c:ul be used) the wromtc rudii could 1~: 
cslihrst,cd rtgftinst, droplct,s of known size. Howcvcr, 
an approximate v:~,luo of the radius can b(: obtained 
for radii between 2 arid 10 microns by the 11s~: of the 
~~hovc ct@ions. 

For this purpose Humphrcys l8 gives a calculrtted 
wrvc allowing the: arqwlar radii of t,he first and 
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second red rings as a function of the radii of water 
droplets bct,wccn 1 and 10 microns. It, will 1~ ~cn 
that, thcsc two curves are roughly estenlrions of the: 
first, two curves of Figure 5, Chapter 21. 

‘I%! coronae were used to mcasurc the: size of lycv- 
podium spores of fairly uniform size. The radius of 
lhese spores, as meanurod in a light microscope, was 
found to vary from 13.6 to lR.0 microns. 

The spores were allowed to settle on a glass plat>e 
which was then placed in a beam of light, of parallel 
rays and also in a slightly divergent beam from a 
point source. Measurements wore matlc of the angu- 
lar diameter of two orders of both the light, and dark 
diffraction rings in both ret1 :~rld grccrl lighl. From 
t#hcsc mcuxmements the sport: radius was calculated 
lo be 15.5 f 0.2 microns, in good agreement with the? 
microscope measurements. 

Similar measurerncntn were made on a uniform 
tlroplcl; size oil fog in a flask. The radius, as measurotl 
by two inclependt?nt, methods was ‘1.0 f 0. I microns. 
The agreement, hr:rc is less good, as is to 1~: expected 
for such small, f ransparent spheres. 

22.4.3 The Slope-o-Mctcr 

The particlc size of a homogeneous smoke, or an 
average size of heterogeneous smoke, may be ob- 
tained by mcanuring light transmission as a function 

of \vavc:lMlgth (CllLlptcr 22). A 11 instrument, cAx~ 

t,he LS’lope-o-~~Leter, has been constructed and used for 
this purpo~e.“~ 

The instrument is essentially a phot,oelectric spec- 
trophotometer which compares the intensity of light 
transmitted at two wavelengt,hs thro~lgh a xamplo 
of smoke. Extensions of t,he same mechaniaul and 
ol~~ctricnl system may 1~ usc:d to compare the trans- 
mission at, t,hrco or more wavelengtJhs. Two types of 
Slope!-o-mt:tc:r dcsignatcd as Type T and Type 11 have 
lma constrllcted. The following is a descript#ion of 
Type II. Type I is described elscwllc:rt:.Zl 

MWHOI) 

Photo-emissive phot~oelectric cells of Lhc: vacuum 
I,ypc? art? ur;c:tl t,o mcasur(? (I) t8he intensity of blue 
light, (wavelnngth, 4400 A) transmitted through the 
aerosol sarnplc, and (2) the difference between t,lie 
intensities of infrared light (wavelength, 8000 to 
9000 A) and b11lc light t~runsmitteti. 

The optical and electrical sysln~r~s have bcc:n as- 
sembled in a single box, uric corny~t~rt,mt~rlt, of which 
serves as a smoke chamber (Figurt: 13). A scoond box 
contains three 45-v portable B batt,crics and an 8-v 
portable storage battery. Power is t,ransmittc:d to 
the optical and electrical systems via a six-win: cable 
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:wtl suitaM(: plr~gn and j:lc:ks. The optical aystcm 
consists of a Gq) automobile hull> (Mazda No. 8 I ), :L 
condensing Icnn which sc:nds :I bnam of light through 
the smoke:. :Intl LL sttmitr:lllxr)art~rIt, mirmrriirc!r:ting it, 
finally ofA Llic phototubes. The purpose: of t,lic semi- 
transparent, mirror is t,o enable a single beam of light, 
through the smoke to suffice for both phototubes. 
Color filt,ers are intIerposed between the semit,rans- 
parent mirror and the phototubes. 

Rigid mount~ing of all p&s of the: optical fiyst,om is 
necessary for reliable operation, The possibility of 
warping shouhl be reduced to a minimum, although 
slight warping is corrected by the normal adju&- 
ment of the: SloI)c:-o-mc:k:r. 

The c+c+ric:nl system (Figtlre 14) consists of suita- 
blc rcnixt~:tnccloads (I?,, R,, and R,) for t,he phototubes, 
st:l~c:tor swit,ch A!?, tind a slide-back vacuum tube volt- 
mctcr. Tllrce 45-v B b:ttt,eries provide plate and 
slide-back voltage and an 8-v portable st,orage battery 
provides current for the Ii-cp lamp and for the heaters 
of t,hc vacmtm tmbes. 

The: rcsist>ors, Ecl, Rz, and IL, vary from one ma- 
chine t,o the other but are selected so t)hat with no 
smoke in the chamber, and with the B-cp bulb 

oprr~lting ::LI, its proper current, the emf devclopcd by 
c:ac*h photocell is just below 22.5 v, the maximum 
slith:-h:lvk voltsgc?. The proper current is sclocted so 
t,ll:lt, it, cun I)(: maint~ninc:tl constant for all working 
voltages of thr storugc bat,t,c:ry through adjllstmnnt 
of T&e 

When the selector switch &‘I is at. position 1, the 
grid of the ciJ7 GT is connected through T2.t to ground 
ant1 the nlitic-back potential is zero. & may then be 
ntljust,r:tl so t,li:tt t,lic: sh:~dow of the tun.ing oyc: (fiE:5) 
is open to sorno sclect~~ angle near the middle of its 
rtmgc:. This angle is marked and used for all subse- 
qu(:nt, IA:mcing operations and indicut,c:s t>hat, zero 
emf is impressed on the grid of the ciJ7 GT. 

When the selector swit,c:li is ut, position 2 or i-c, tllc: 
emf developed by the blue nensitivo phototube (RCA 
929) is impressed on the grid of the liJ7 GT and t,llis 
may be balanced manually by tIhc: slide-back emf de- 
vc:lopcx~ in Rs. The dial reading of &, is a measure of 
the total amount, of blue light striking the phototube. 

When the selector switch is at position,3 the dif- 
ference between the emf’s developed by the blue and 
and by the infrared light is imprwtxl on the grid 
GJ7 (:T and the slide-back potential is again zero. The 
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had resistance: (& + I&) of the infrarotl sensitive 
phototIubc: may lhen be adjusted to bring the tuning 
eye to the halanc:c p&lion. The effect of this opera- 
tion is to makr: t,hc response of the instrurncnt, t>o blue 
light t)he same as tdie response to infrarotl light. This 
aompensatJc:s Ior changes in the color of t,hc light 
c:mitted by ttir: lamp as it ages and for 0tlic:r changes 
in the apparatus such as drift in the: valrrt: of the 
photot,uht: loud resislor’s or small amounts of warping. 

When the selector switch is at position 5 or (i, t,h(: 
tliffrrc~nc:c between the cmf’s tlcvcloped by the infr:L- 
red and by the blue: light, may now he balanced by the 
slide-hack potential devclo~~c:c~ in K,. With the selector 
switch in these positions, liowt’ver, Ihe magnituti~~ of 
the: &le-back vohgr: r:orrcsponding to full sc:&: of Ii3 

has hc:r:n retluc:c:d by ttic: insertion of I&. ‘I%(: in- 
creaw in sensitivity is desiral~lc here because a tfif- 
ferenct: hct~ween two qunntitics is measurntl wliic:h 
may oft,en he small. 

1. Adjustment, : No smoke in smoke: chamber. 
:a. Switches Sa and R3 are thrown to “on” posi- 

Gon. 
1,. Selector fiwil,cll on I. Adjust, RR t,o Galancc:. 
c. Belector swilcl1 on 2. Bet, Kh on preselc:c:tr:tl 

value war maximum. Adjust, h$ and l?,, to 
balnncc:. 

d. Xelfxtor switch on 3. Ati,just h$ ISo Mariw. 
2. Mensurcmcn t,: Put, smoke in smoke &mber, 

lcor ficltl use, open the tioor of t)he smoka c:llambar 
while in Ihe smoke ant1 CIOHY it. 

a. 8ckxAor switch on 4. Adjust i?, and note did 
reading. 

1~. Selector swilcli on 5. Atl~ust R5 :tnd noto dial 
reading. If no balance is possi t)lc, Lurn aelcr:Lor 
to position G, l&nce with Kh and not>{? dial 
reading. 

The did rcatlings of IX, l’or s&:c:tor switch positions 
4 and 5 (or 1 and 6) fix ttic particle conccntratIion 
and the radius (respectively) of the smoke in the 
chamber. 8oc typical calibration curve in Figure 15. 

The: concentIration linc:ti on the calilm&on curv(:y 
WCI’C obtained by means of calculat,ions based on the: 
Mic tllcory. As describctl in Chapter 21, the Mio 
theory yicltls Ihe dropl(!t, radius from ohservatIions 
of the color and polarization of the swttcred light. 
The theory also gives the scattering coefficient, for a 
known droplet, size and wavelength, MO that, the COKI- 

centration can ho ohtttined by ohscrving t#he rlanrc:ase 

of intensity at, H known wavelength ant1 known length 
of light, pat11 through th(: srnokrh. 

lpor very fine part,icles the: xcflsitivi t,y oi” the Slope- 
o-metIer tlccrcaties markedly. For insLance, all smokes 
fine enough Lo exhibit Ttaylnigh st:at,tc:ring fall on the 
same parCc:lc size calibration lint:. A(*c:ordingly, for 
fine: partic:les the Owl dcscrihed previously should htr 
usccl to determine: tllc: particle size, and the Slopo- 
meter used t,o mcasnre concentIrat,ion. l~‘or this pur- 
pose, it is nece33a,ry to fnca4ure only the t~ransmission 
of blue light, (dial reading of ri5 for selector posit,ion 4). 

For part8iclcs dmve 0.5-micron radius, index of 
rcfract~ion I .50 to 1.55, the particle size: calibration 
cttrves arc duplicates of the curves ot)tainetl for 
smnllcr particles. 

It, is apparent, that, a reading of particle size: and 
c:onc:r:ntr,ftt,ioll will t)t: ohlained no matter how in- 
homogeneous the: smoke may be. For a homogeneous 
srnoke,which shows orders in the Owl, t>hc: rcsnlts will 
be as accurat,(: as the init,ial cnlibratJion. For hetero- 
geneous smokes, :t complex weightctl :Ivc:rage is OIJ- 

tainecl, whcrc: t,tl(: effect of pnrt,icles larger than th(: 
t~vcruge tends to cxncel t,he effect, of part&ic:lew smsllar 
than the avoragc, provided thortr n,r(: few particles of 

0.5-micron radius or largw. The smoke Irom large- 
scale gc!nerat,ors of tlic: c&l or combustion gad type is 
apparently homogc:nc:olu enough and the particle 
Gzcx ure within the: proper range for II,~~: 01 the 
Slope-o-metw. 

22.4% Color of the ‘I’ransrnittcd Liglrt 

Visual obsf!rvations of the color of wliit,e light, 
tJransmittc:tl tlirorgh an nerosol prtwitlc a rneasuw of 

t,he particlc size (Chapter 2 I). It, must he emphasized 
that, this method does not, provide an absolut,ch, but, 
only a r&tt#ive mensurc of size relative to the 
optirrium size for material of a given refractive: index. 

If the residual rays transmitted by a IXol fog arc 
blue or green, it, indicat,cs that the avcragc radius is 
greater than 0.33 micron, the optimum radius fog 
Dial. However, a similar observation through sulfur 
smoke indicates an average particle radius greater 
than 0.17 micron, tlir: optimum radius for sulfur. Tf 
the residual rays are red, it intXicat,c:s :m nvw:~gc~ 
radius lfw than 0.33 micron for Dial fog and less 
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Generator 

.- 

Sun’s disk color Comments 

NW 10, 1942 n,m l’:sso 0.18 
0.18 

Ntjv 10, 1942 :t~n Setvel 0.29 
0.33 

NW 10, 1942 pm Serve1 0.2!) 

0.15 
0.16 

Nov 10, 1942 pm Haslar 

NW 23, 1942 pm Serve1 50 gal 

Fcl, 23, 1943 pm Scrvcl 26 RR] 
Fch 23, 1943 ( %rysler 

%“dJ 23, t 943 r)evilbisS 

&tJ 24, 1943 am ohm 

Fch 25, 1943 am Hickman 

l+l, 25, 1943 ]Jtn TTicktnnrr 

Feh 25, 1943 pm Willinms 

Feb 25, 1943 pm Williams 

Fch 25, 1943 pm Hickman 
Fcb 25, 1943 pm Hickmn,n 

0.28, 0.33, 0.22, 0.33. 
After t,ui-ning off :bnd 
on n,g:rin: 0.20 

0.5 
Aimnl,c T11 ue 
0.32 PllrplC 
0.40 IhP 

0.22 Rd 
LSN!lldCl~ 
White 

estimntr T,avendet 
medium Hize Whit,e 
0.3 Ln,vendcr 

White 
0.4 Hpprox 0.5 n,pprox BlU? 
0.3 flpplwx 
0.27 0.30 IAnvender- 
0.22 0.26 white to red 
0.20 0.18 Red 
0.25 0.25 Red 
0.x? 0.35 Red 
0.35 IUue 
0.29 0.31 To0 ChUdy 

0.35 0.38-0.42 Trio cloudy 

0.25 Reddish white 
0.24 Red 

0.22 0.19 Red 

,+h 25, 1043 p”’ R:;SO 0.29 
Feh 24, 1943 Esso 0.27 

Brnwnish color, hetcrogcneous 
15 ft, from gcrlerator 
115 l+t, from ,gencrR I,OI 

30 ft, from generator, fiomc carbon 
Sample unobl:tinnble. Blower 
set& smoke 35 fl ,,]J 

1Meroge11e011s 

Owl colors indislitlct 

ti&rogencnus 
Standard nozslc 
Mulliple-hole nozzle 

Multiple-hola nozzle 

Multiple-hole nozzle 

MultJiplc-hole nozzle 
Standard nnzzle 

50 fl front generator 
18 mph wind from propeller 

then 0.17 micron for sulfur smoke. A magenta color 
indicates the optimum parliclc size. 

Langmuir has developed a set of color filtcrx which 
enable this measurement to he made more precisely. 
Several transparent filters, whose c:olors match the 
residual colors of the sun when the droplet radius of 
Dial fog is at or near the optimum, are mo~mtcti in 
a frame and viewed against a white background. ‘1‘1~~ 
particle size can then bc obtained by matching thr 
ot~c;arved color of the sun with the color of one of thr\ 
filters. 

22A.5 Field Measurements 

During Novcmh 1942, and again in Iqebruary 
and March 1043, optical mcthotls were used to 
nm~s~~~‘c tlm droplet size of oil fogs from screening 
smoke generators operated at Edgcwootl hrscnal, 
Maryland. The droplet radii in the fog produnctl by 
the Esso, Servel, Ha&r, Chrysler, IIcVilbixs, Hick- 
man, and Williams generators, using L)iol 55 as the: 
fog oil, were measured with the Owl and t,he Slope-o- 

TARTX 2. &tio gene&or. 
,- .- -- .-_.“l”._ -- 

Owl Nozzle Diol 
c&us, di:$mcter tempernturc 

microns SUII’H disk inches degrees F Remarks 

0.2 Bed 
0.2 Red 
0.25 R,cd 
0.3 Lavender 
0.3 Lavender 
0.3 Red 
0.3 Lmwmk!l 
0.3 Lavcndcrmwhitlc 
0.35 tale 
(1.3 Lxvcndc1 
0.3 Blue 
0.3 Ked 
0.35 Lavender-white 
0.4 Purple 
0.4 l3luc! 

5116 
5/M 
5/16 
5116 
3/s 
318 
3/s 
3/s 1- 

1,000 
950 
900 
X60 
800 
900 
900 

1,020 
1,000 

!100 
SO0 

1,000 
900 
so0 
x25 

TTornogerleous 
Hnmngcncous 

Indistinct 
Indist,inct 

TTomogeneous 
Homogeneous 
Homogeneous 
Indistinct 

Indistinct 

meter. O~~scrvations of the color of the sun’s disk 
were made whcncvcr possible. 

The rcsult,s arc summarized in Table 1. They 
represent only the results obt,ainecl for tlt particular 



wttings of the generat,ors and XC: not, to be taken as 
t8he only particle radius that, may be obtained from 
these generators. At the bottom of the tablr it, in 
shown that, MI 18 mph wintl tlncroased the droplet 
radius 0.05 micron, 

Special t&s IVOI’(: pwformed on Lhc ESSO generator 
to test, the effect, of high wind, of nozzle diameter and 
of oil tcmpernture as shown in Table 2. The standard 
nozzle diameter in t,he F&o gencrat,or iE t$(t; in. When 
the diarnc:tw was doubled to !i in. tJhc average drop- 

let radius was increased by 0.1 micron, provided the 

tompwature of the oil was conslunt. For a given size 
nozzle, when the Diol tcmporst~urc was raised l’rorrI 

800 to 1000 I?, the average droplet, radius was de- @ 
crnased by 0.1 micron. The prcssurc was not ob- 
wrvcd. It is seen that the droplet, radius could be 
incrc:wtl from 0.2 to 0,4 micron by doubling the 
~Iozzh size and lowering the l,cmpcrat~ure simul- 
t::LIlc:ously. 

Additior~al ficltl and laboratory mousurc:mc?nts 
made on various t,ypes of smokes are described in 
un unpublished report. 



1 FILTRATION OF AEROSOLS 

By w. Il. Rotlcbush 

23.1 I N ‘I KODUCTION 

A s HAS BE~:N point,d out in Chapter IS, :~~:rosol 
filters do not) bohavc: tis sieves or screens M-hich 

stop particles larger t,htul the: mesh and let through 
smaller pwticlw It is theoretical1 y possihlc to con- 
struct such >L filter, l)ut it would offnr MJ much re- 
sistancc to the flow of air that, it, would he useless 
from u prx:Lical point of view. Thus, t,hc filter papers 
usd in ~mdyticrtl chemistry for t,hn xcpftration of 
precipitrttes are very inei?ic:ic!nt, as aerosol filters. All 
mechanical aerosol filtctrs must,, in practice, 1~: of 
open construction, wit, I-1 the opcninga large cornpad 
Lo t,he size 01 the particles tcl bc rcrnoved, in odor to 
reduce the resist,ancc offcrctl to the flow of air. The 
removal of the pnrticlcs is therefore hy chance 
collision idher than positive action, ant1 the per- 
centSage removd is 3 statislicd function of the t’hick- 
ncss of the filter; B filter of infinite thickness \\Vould 1~ 
rcquirctl to rcrnove 100% of the pnrt,ic:lcs frt~rn the air 
strertrn. 

:.j, I:Lrge particln agGnst t,lie forces exertcxl !JY gritvit,y, 
air currents, c:t,c:., which would tom1 to remove it. In 
practice, there is a, limit to fiber diametar, hut fibers 
of 0.01 micron or loss prove to be very cffcctive. 

23.2 ‘1‘1-1 I<: .MECHAN lSM OF THE 
F’ILTERTN (: ACTION 

In prrtct,ice roll mechanical filt,c:rs :ire made up of 
fibers, some of which must, 1~: of and1 dirtmeter (ix., 
cxjmpurxble to the cliametJor of the: aerosol partJiclon) 
iC the filter is to he eflicicnt,. An efficient filter may 1jC 
defined as one which otb:rx :L low resistance ant1 at t,he 
same time: R low pc:nc:t,rat,ion. These t#wo quanlities 
arc mutudly int,crtlcyjcntlent variables, ant1 for a. 
given filtc:r m:bt,c:rial one (:Ltn be decreased only :lL t.he 
c?yJc:nsc of t,ll(? ot,llc:r. 

It, has been point,ccl out in Chapter I8 tJh:l,t smdl 
p:u.t,irles adhere to any surface wit,h which they come 
in cont,act,, hw~ii~s~ ol vm der Wads forces. If elec- 
trical charges HPC present the :dhc:sion forces may bc 
increased ; but, clcr:tricd behavior will be discussed 
in R separate acxtion. Mechanical filt,rat,ion depends 
upon the act4 impingement, of the pilrticles on th(b 
fibers of the filter. In order to consitlcr the mechanism 
of the filtering action, consiclcr u single fiber plad 
nt right, angles t,o the air st,rcarn. Assume in this clix- 
cussion thttt the velocity is low enough so t,hat the 
fhY is nonturhulent8, sincx: it can be shown that this 
condition must, hold in any filter that, opc:raLes with 
$1 rcxsonahly low pressure drop. Thort: :Lrc several 
different mechaniarns which may bring abc-brat the 
imljingernent, of the: p::dicle on t,he fiber. 

23.2.1 IX-ect hterccption 

Imaginf? t,hc center of the: par%ic:lc of radius r to lit: 

It will he 0lJvious from the theory of filixrtt~ion why 
un eficient filter must, be md: up of filters. The idc:d 
filter would consist of a series of grids of fibers pnrnllcl 
Lo ertch other and rtt right, angles to t,hc direction of 
:tir flow. In practice it js impossitjle Lo obtain any 
such perfect, orient,ation of thr fibers although, in 
general, they will lit: at right :mgler;: to the dirt&on 
of now. 

In t,tic?ory, t,tic> smdlcr the fiber cliametcr t>tic: 1 Jclter 
Ihc pcrforfmmcc, ljltt it is clear th:d if Lhe filler 
diurrdcr in too small the fiber will not, hwvc: sllfficient, 
mechunic:al strength to resist, the air curront)s. Fur- 
thcrmorc, the forces which cftuse a particlc to adhere 
to a fiber must depend to some extent, up011 the xca 
of con&t, xnd :I very small fiber would not retain 

on 11 stream lint: which passes wit,hin u distance r of 
the fiber, in which case t>hc! p:d,ic:lc will be caught,. 111 
t,hc lirnil 01” the fiber tliamet~er d, approaching ZCIYJ, 
the p:.dicle will lx) rtxnovecl from a cross-sc:at,ionitl 
areB = 2r per unit, lq$li 01 fiber. For larger filjrr 
dinmct,c:rs the number of pdicles removed will not 
he grrxtly increascxl and will he inclepentlcnt of 
vdocity, since the st,rcum lines do not< cllangr wit,h 
ohunges in now rates. Direct, interception ifi rcstrided, 
however, to particlrs whose centers remain in coin- 
cidence with a given stream line. This will occur only 
if the particles ure too lnrgc t,o show :tppreciable 
Brownian rndion and too smdl to have: :m ftppreci- 
able Stokd lr~w rrtte of fall. Thcrt: is no particle size 
for which the Hrownian motion ant1 the: Stokes’ law 
de of frill :irc l&h zero, anti simple dculations 
show that, the dciency of filters is far greater than 



could be nrcormted for by clircxt, intc!rccption. These 
two effds, \2~llich prcvcnt, particles from following 
the stream lines around a fiber, c>vitlcntly play an 
important, role in the mechanism of filtx~tion, and 
each will be considered in turn. 

23.22 Stokes’ I ,aw Tkposi Lion 

If a particle is large enough so that, it has an q- 
preciable Stokes’ law rate-of-fall, itjs path will no 
longer coincide with any partictdar sixedmlinr in the 
air flow. Tt might he assumed, at firs1 Lllought,, t8hat, 
Stokes’ law tInposition would not in itself 1x1 in- 
portant, since :I, particle is like1 y to fall away from, ti.s 
well as toward, a fiber of the filter. The following 
consideration, however, shows t,hat, 11~: St,okcs’ law 
fall is important, in deposition. S~lpposc that, the air 
flow through :I, filter 1x3 suddenly st,opped. Within a 
nhorl prriod, 41 of the: largc~ particles which are 
prcscnt Lvill bc tlcposit,c:tl on the upper surfaces of the 
fibcrx of the filt,c:r; ant1 Qiin period will be short be- 
KLIHC t.he distnnc:cs thror~gh which the particles must, 
fall are short. Although the sumc pro(:cMs KOCH on 
without, interruption when the air is moving t,hrough 
the filter, it appears that, it will rnako no Mcrc~ncc 
whether the dire&on of flop- is horizontal or vertical. 
The rat,e of deposit,ion will vury with the: particle fiixo 
and concent8ration, and the total area tdltt~ 111~ Ilppcr 
surfaces of the fiber project, into a horizontal plane. 
The flon- will maintain t,he concent~ration uniform Io- 
na,lly, hut t>he concentration will decrease with int*rcrLx- 
ing tlcpth of-~)c:nc:t,r:Lt,ion of the filter. TE the part,icle 
is belox 0.3-micron &ills, tJhc: Stokes’ law rate of 
Call is so low that this rncchunisrn of rcmuval is likely 
to prove unimportant. ‘I’hr r:.~t,c of tlcponition is not, 
affected hy v&&on in the: rat8c? of flow, but, im- 
portant inertial effects appear :tl liiglicr vclo&nfi 
(p&iculnrly with larger particles), which givr: rise> t,o 
another mechanism of filtration. 

23.2.3 The Inertial Efkct 

If :I st,rc::.lrnlinc? I)erids sharply around a fiber, a 
heavy part,ic:lo at, high velocity will not follow the 
sutldcn hcritlirig hut, will tend to continue in a direct 
MMW and c:ollitlc with the fiber. 

The extent Lo which LL purt,ic:lo may Ix: carricbtl hy 
its own inertia across tbc st,rcx~m lines rnay be rnean- 
ured by t,hc so-c~1lM stopping tlist,ancr. The stopping 
dist,ance, IS, is l.lic distantx: a pa&lo with a velocity 
Ts’ and a mass 1~ will pcnctmto ti R:LS which is asnnmt?tl 

to be at, r(:Al bcforc: lwirig brought8 to rest by the 
viscous forcns. ‘I%(? force resisting the motion of the 
parMe t~l~roiigli tItw gs,s is f = &+-I/. Since 

d(716 V) 
- -=J, 

dt 

intcgrntion gives 
J,r = ~/oe..lia~rf/nl ) 

where 1’ is t,hc volooity of’ the part,icle at the time t, 
and l/7’o t,li(\ initial velocit,y. Int,f?grat,ion of 

s 
m 

I. = s I”& , n 
gives the valw 

wlicrc: p is tlic! p:Lrt,ic:lr density. Substituting the val- 
ues 7j = 1.8 X 1O-4 for the: viscosity of air, particle 
densit,y imit;y, rind a velocity of 3.5 cm per set (a 
reasonably high rat,c: of flow), the tollowing table of 
vall~cs in ccntimctcrs is oht:liriotl: 

I‘, cm s, cm 

0.5 x 10-d 10 5 
5 x I O--J 10 a 

S is t,he maximum distrrnce that t>llc? particle could 
t>rsvel across stream lines if t,he stIrearn lines bc:nt tit, 
right, ar&s. One sees that this distance c:ould have 
no consequ(?nce for impingement, if the pu,rt,iclcs wer(: 
of 0.5micron radius, but, that, with particles of 5-m- 
crori r:l,dius ::4 c:orifii~lerable increase in the number 
impinging on a given fihcr could he expected. Vur- 
thermore, an incrpusc in vt:loc:iljy will increase the 
number caught. 

FIWJHE 1. St,ream lines nround fihw n,nd cffccl,ivc tli- 
sxmeter b RY romp:trerl with nct,unl rlinmeter tl. 

The cJ’diuc diameter of a fiber rnuy be defined tts 
t,hc width b between the bordering stream linen such 
t,list, purtic:lre initi,lly 10(:&d in t,llcm will jiist clear 
t,hcr fiber (scn Figurc 1). Particles lying within this 
hountlnry will irnpingc upon tlic fiber. Tlic rat#io b/O is 
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always less than unity and may ;~pproxh xero for low 
velocity of flow, large fiber tliamckr, or small particle 
diameter. If t,he dimensionless ratio, VPp/&, whcrc 
V is the velocity of flow, T ttic: particle radius, p tJhc: 
particle density, d t,he fiber tlismotcr, and q the 
coefficient, of viscosity, is plotted against, t,he ratio 
of the effective tiiamctc!r 6 to the act,ual fiber diam+ 
ter a curve of t>he form given in Figure 2 is obtJainc:cl. 

1 
I 

/-- 

0 

For particles of large diameter, the: &x:IY of direct 
interception become appreciable and must be super- 
posed on the curve of Figure 2 to give :m incrcnscd 
filter efficiency. The: effectivt?(f~~mc:t,c!r 6 is in this case 
increasnd by the amount 2r. When t;he particlediame- 
ter is of thn ti:lmc: ortlcr of magnitude as the fiber tli- 
am&r, this corronlion becomes very important, 

23.2.4 Jliffusion 

For particles of I micron diamctcr or ICHS, inrrtial 
effects should not, be important, ant1 this is confirmed 
by the fact, that penetration incr(xscs rather than de- 
creases with incrtxsing v&city. Siniiln,rly, the direct, 
interception c:ffcc:l (2r) becomes very small for small 
particles. Yet,, provided the fibers are of small 
cliamc:tc:r, tlic filtration efficiency is high and in- 
creases with dcrrcasing particle size. The difl’wion 
coefficient D varies inversely as the radius, and this 
quantitjy may be combined with the fiber diamotcr 
and velocity of flow in a dimensionless ratio f>/(J I/ tjo 
plot the ratio of effective diameter to actual diamtkr, 
HX before (Figure 3). The value of b/cl now bc:aon~~s 
greater than one; but 6 no longer rqm:st:nt,s a sharp 

boundary between particles which irnpingtr and those 
which escape, since on uc:c*ount of the Brownian mo- 
Con, the probabilit,y of impingement is a matter of 
chance which decrr!asrs with increasing dist3anccl 
measured at, right angles to Lhc axis of the fiber ant1 
the direction of flow. 

Actually, 6 is u 1x1~~1 distance; the total number of 
partJicles impinging on the fiber is equal to the 
number lying within the limits of 6, but many of the 
particles within thcsc limits do not, impinge and many 
of t>hc partic:lr>s impinging come from out&: these 
limits. 1‘1~: &io b/t1 is of course greater, thr> greater 

3r 

2- 

b 
T 

the tlifkion c:onst,ant. The number impinging is 
grc!:r,t,c:r t,lic: slower the velocity of flow, since the 
purlicles remain in the nc:igllt)orlloo(l of the fiber fog 
a longer time. The ratio alno increases tts d approachns 
zero because 6 tlors not approach xro but a fink 
value which depends upon tho rncan distance of 
diff wion . 

23.3 T111’, ‘I‘HEOKY Op’ FILTRATION 

It is practically irnponsiblc to give an exact math+ 
matical theory of filtrr&n. In the first place? the 
differential c:quulions can be solved only in an ap- 
proxim&c: manner, either for the inc:rti>Ll or the 
diffusion mcx:hunism.“~ B 

ICvc:n if sutisfactory solutions are otGncd for the 
Mavior of a single fiber, a filter is made ap of fibers 
with a random deposition tuld orirntation, which 
cannot be taken into account, in an.y cxur:t manner. 
However, certain general considc:rntions can be dc- 
duc:od, and these conclusions have: been verified in :L 
general way. 

For example, vary smell part,icles will lx? removed 
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effectively by the diffusion mechftnisrn 4 ftnd very 
large particles by the inertial cffcf+tx. It \vould 1~ ex- 
pected, therefore, that> particles of int,errnediate size 
would be moFt tlificult, to remove. This prediction 
has hf:n f:fdirmf~tl by f?sperjmerit, but the size with 
8 rafhs of :houtJ 0.2 micron h turns out, t,o be the most, 
dii?icult to remove. This mrtximum of penelretion 
:~,I)I)~:Lw to bf: inficpf~nflf~nt~ of fiber size. The decrease 
in pf:rif:tr:btion for particlns above 0.2 micron radius 
f:tm ~ww+y 1~ flue: t,o the inertial efYect>, which was 
shown prwiously to be unimportant, even for par- 
ticlcs of 0.5 rnif:ron mflilw It has been suggested that, 
Ilic f:Rf:f:t of fiircf:t ilit,f~rf:f~ptiori must, :bcf:ount, for thf: 
decreasing penetration of partif:lcs of grfb:Ltf:r than 
0.2 to 0.3 micron ritdius L, :mfl it, fwi rf::ulily bf? sf!fw 
that, Llif: flirrf:l intcrf:cptiori will coritriMe to the 
filtf:ring :letion as t,lif? pwtif:lf: sizf: irif;rf:asc?fi. It, would 
not :tppcar 1lnwevPr that, ~1 dli:.irp maximum of pew- 
t~rution shor~ld be fount1 which is app:u’f?ntlg quite 
indcpc’rlflmt~ of rate of flow ant1 fihf:r dinmeter. 

l‘hc 8115wf~ to tlic fluf:stif,ri s(!f:mg to be given by 
experimenls with glass pl:ttf>s, whcrf: thf! tiltf:ring 
action at lower particle size must lw f:rit,irf:ly flue to 
diffusion and the filtering action lor large pttrt,icles 
can only t&e place through Stokes’ law dcpositdon. 
The same sharp maximum of penetration in the 
neighborhood of 0.2 to 0.3 micron is observed. Hence 
it, must, 1~ concluded t,h,zt the decrease in penetration 
above 0.2 micron is fhe to the increasing rftt,e of 
Ht,okes’ Inw deposition. 

The effect, of velocity on filtering elfrciency depends 
upon thf: pwtif:lr fiizf:. Small particles are removefl 
morf: f:ffrdvf:ly :d low vf4of:itif:s 11-y fliffusion, wliilf: 
Iftrgr particles are removed inorf’ f:fff:f:tivf:ly at, 1iiglif:i 
velocities by inertial effects. At somf: point, in Ilic 
inl,f:rmcdi:ttc mngc, perhaps in tlif: rif~i~l-~~~f~rlif~f~fl of 
1 micron radius, the fillering efficiency will not be 
affect,ed by changes in velocit,y. 

Small fibers are more effective t,han brge fibers in 
collecting particles from an air stream, because the 
smaller the diamet,er of the fiber the closer the 
strfxm linf3 lif:to tlif: fihf:r surf~.nf:. A fibor m:l,yhf! f:ow 
siflfwofl t,o hf: surrtwriflf:fl by wi fxivfdopf? of nf:arly 
sl,at,ional;y air wliif:li is 1,liickf:r t,lif: l:r.rgf:r tlif: pf+li- 
cry of t,lif~ fibf:r. Also, the stJrr:nrn linfas holit morf? 
sli:~irply wlicn tlic: fihflr fli::irric:tf:r is srridlf:r whif:h will 
rnakc the: inrrtinl rnr>f:hanism of filt,mtion I~~~HC rf- 
ff:f:t,ivf:. The Porrf:f:t~ncss of thf: foregoing slut.fmcnt 
has l)f:r:n demonslr:ttcd c~xpcrirncntully wit,h fil~fw of 
1 mif:ron diarnf:Lcr :mfl pwtif:lfw in t,hc rungs? 0.2 to 0.5 
mif:ron r:tfliris. It is possildc that the stut,ement, is nf)t 

t,rue for very small particles whose diffusion range is 
very large, but t,hese part,icles are so readily removed 
by a filter tIha2t they do not, constitute a problem. 

lhm the foregoing, one sees that R filt,er made up 
of :L given riumhf3~ of fibers disposed in :t certain way 
will be more effective when the fiber diameter is 
smaller, and n,t the same time t,he resistlance will be 
less. ,Ictudly, 8 filtftr maflf: up of smdler fibers will 
bf: morf! f:losf:ly p:“f:kf?tl anti have :I higher resistance. 
Hcwf:, if vf:ry sm:lll fibfw we used, irl order to avoid 
too high :L re&nnce it is necessary t,o support, the 
finf: fibc:rs on a loosc~ nf?t>work of coarser fibers. 

23.1, FTJ,TER MATERIALS 

Most naturally occurring fibers, such as cotton, 
woo1, anti Milk, arc IO to 20 microns or more in dirtme- 
h. 1’hf:sf: fibf?rs arc much too large to be effective, 
:mtl filt,f?rs rnadf? of these materials will have to be 
vf1r.y t,hick ant1 have a high resistance, if the penetrn- 
tion is t,fj bf: rf:flucf:fJ to n low figure.” 

Papf:r is :1 l):l,l’t~if:ill:~rly urifiuitddo matf~rial for :i 
filter, sinf:r the films arc flat, ant1 ril)l)on-likf: and WC 
matted toget,her in such a way 2%~ t,o offer a minimrlm 
porosity. Certain fibers obtainal~le in t~ropical conn- 
tries, such as espsrto grass, are narrower than the 
fibers of ordinary paper stock: and papers made ol 
tht?se fibers are more open and have less resistance 
to the passage of air. In general, however, these fibers 
can be used only as a supporting grid for finer fibers 
such as :tsbest80s.7 There is no apparent limit t,o the 
finfx~c~ss of tlispereion which may be obtained with 
ttsl~f~shs fibers, ufl niisturfx of :I,shstos filws wiUi 
wool or paper ure in use, and make cxacllent filter,s.8 
II paper is used, it mrlst be wry por011s and, hence, ol 
litt,le mcclianicul strength, but this flcff:f:t is easily 
remedied by a backing OC gauze. 

23.4.1 miss Wool 

Ghss fihfw of fliwnf:l,f:r flown to I micron fxri hf. 
prodr~aed by sped rnf~tlifds. By f:o:bt,ing t,lic glass 
fibers with 1% nuitable binding, they cun be matted 
into a paper-like web which is very strong and shows 
excellent filtering characteristics. Such it rnrtterial is 
relatively expensive, but is unexcelled in many re- 
spect,s as a filter material.D 

23.4.2 Rock Wool 

Ror:k wool is compofied of glass fibers which are 
profluf:f?f~ from Mast, furnace slag or special limestone 
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silica mixtures. The material is fused in a c:upola 
furnace, and the fibers are produced by blowing the 
molten fluid. The material is producrtl in c~loud !ots 
for use as t,horm:~l insulation at, a cost, of :r few dollars 
3 ton. By corit~rol of the process, it, is ponsil)h: Lo pro- 
duce filers of ::L few microns diamc:tJc:r, and the ma- 
terial has great possibilities for use as a filter,r” par- 
ticularly where bulk is not, limited. 

33.4m.3 Synthetic Fibers 

Various types of synthetic textile materials such 
as cellulose acetate, polyvinyl acet,atq or polyvinyl 
chloride, can be produced in the form of fibers of very 
small diamotcr. , rr The methods for producing ttrc:s:c> 
fibers are cithcr a modification of the ortiinnrv INN- 
ess of spinning and drawing, or electrostatic spinning. 
These materials have not been produd on a corn- 
inertial scale, but experimental samples show the 
excellent performance that is to be expoctetl. In order 
to use these very fine synthet,ic fibers, it, is necessary 
to support, them on a gauze hacking. 

2x.4.4 Methods of Testing Bulk Filter 
M-aterials 

The testing of a material in bulk in order t,o deter- 
mine its suitability for use as a filter material is a 
tliffr~rent process from the testing of a fabricated filter. 
It, is desirable t,o t,est the material at, varying rates 
and over long periods of time. In order to deter:l 
clogging or breakdown, t,lrc: penetration and resistance 
must be recorded as a function of the time. 

A filter mat&d may be conveniently tested in the 
form of layers or pads of rmiform thickness arranged 
in series. The pads are compressed together to :I suit- 
able degree by means of metal gauze placed at t,lrc 
front and back of the series of pads. A radiouctivc: 
smoke sucd~ as triphenyl-phosphat,c is passed through 
t,tre material for a lengt#h of time, after which the pads 
arc separated and each one counted separately wit,11 
a Geiger counter. During tjho run, the pressure drop 
through the series of pads is recorded at intervals. 

If the pads are of uniform thickness and homogene- 
ous, and the smoke itself is homogeneous, each layer 
will remove from the smoke a constant fraction of tht? 
number of particles cntcring the layer. Thus if the 
number entering the &r layer is N,, and the num her 
entering the n plus first, layer is N,, + r,,, t,hen their 
ratio is given by: 

where k: is the stopping coefficient, per unit, thickness, 
and LX is the thickness of t,he pad. Tf the logarithm 
of the numbers of counts per pat1 is plotted against 
t,he ordinal number of t,lre pad, :I s;trsiglrt, lint: rcsrrlts 
wit,11 a slope S = k&S. If Ore pressure drop pw p:d 
is p, then the ratJio s/l) bc?c*ornns au inclcx for the 
filtering eficiency of the rn:r.t~ori:d ; t,lre higher t,he 
value of s/l), Ore bet,tJcr the pc:rforrnsric~c: of the ma- 
terial. Since, in general, both s arid p will vary wit,11 
the velocity of flow, it, is nwwswy to tJc:st the ma- 
terial at, various flow rat,w. 

23.1’5 CIogging and Breakdown 

An increase in pressure drop during LL run is an 
indicat,ion of clogging. The filt,c:ring cficicncy may or 
may not be affected, but, the rosi&nc:a will cont,inue 
to go up until the filter bcc:ornt~s inoperable. 

Breakdown of a filter mat,ori:d is ofl,cn observed 
wit,h liquid smokes. Tt, is r:lrtlnlc:tc:rizc!cl by t,he fact, 
that the plot, of t,lro logarithm of the counts is no 
longer a st,raight line but is a convex upwnrcl as 
shown in Figure 4. This is because the punct~ration 

I ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
LAYER NUMBER 

has gone? up in the first layers which have boaome 
“saturated” with the smoke. This saturation effect is 
proaumably due t,o the fact, that, the! liquid wets t’he 
fine fibers of the filter and draws them @ether by 
surface t,cnsion forces, t,hus leaving open passages 
through the filter. 

23.4.6 Electrostatic Filters 

It is a matter of common observat,ion that filters 
show a higher penetration when the relative humidity 
is high. The explanation of this rru~st be that at, low 

humiditiosstatic chargcw are uc:c:umrrleted on the filter 
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fihcrs and thaw chnrges are effwt,iw ir! collect,ing 
particles from the :Cr wen t#hnugh I~IC p~rt,iclns may 
hc unc:h:r,rgc:tl. Ccrtsin types of mat~rri~lx will r&in 
st,:& ~h:wgw wcn :It, high humidities, and tJlw C:ura- 
tli:tn wool-resin filtw furnishes us with ~1 &king CX- 
:~mplc of t,liis twliavior. The wool-resin fili,er is rn:r.tl~ 
by carding w&us types of naturally occurring or 
synthet,ir resins int,o wool. ‘I%? resulting tnatjerinl 11:~s 
excellent, fihcring powr wit,h, of course, 3 very low 
rrsist,:r,nw:. It wt,airis this power for long pPriotls of 
t,irne UL hi& lr~rrnitlit,ic:s :md, if the filtering powrr is 
lost, it rntly 1)~ r&orctl by rwarding t,he wool 01 the 
filter. There wcrns to ha no question t,hat the &ion 
of this filter is clcrlrostat~ic:. W-001 and resin are 
classical mrtterials for the protluct~ion of staAc charges 
by friction, and the carding prwcss undoubtedly 
produces high static charges on the fil:r,rnc!nts. In the 
neighborhood of the filaments thr: field intensities 
would rise Lo t~hnr~sandx of volts pw wntimet,er. 

Most, of the: pwticles in a smoke urc uncharged, 
but t,liey will Ix: polarincd in these strong fic+ls and 
attracted t,o tbc filarnwt. The polarization wtriw as 
t,he cube t-11” tlrr r:tdiucr of tlw particle, wherc:ts t,lw 
resist,ance to rnolion t,hrough a viscous fluid is iri- 
vwsely proportioral to t,lrc radius. The sitIuation is 
th: same, therefore, ns with 111~ fall due t,o gravity 
:wcording t,o Bolres’ law. The vc:loc:it,y wit,h which :t 
particle is drawn towwl :L filarncrit, will be propor- 
t>iond t,o the square ol” Ilrr: rxrlius. Iarge particles will 
tx: removed much more c:ffcc:tjivc:ly than small par- 
t,ic:lrx The filCers sre very cffcc:l,ivc?, however, for 
pnrt,ic:los in the ordinary smoke rx~gc: of 0.2 to 0.5 
rnic:ron radius (see Figure 4, Cliaptcr 19). 

Oil srnokw appear to break the filtw 1)~ dissolving, 
or perhaps rnwcly wetting the resin. Some rcains wc 
more resistxnt tjo oil smokes than others. 

Methods of t,cst,ing fabricated filters arc dcscribcd 
in Cliapt,c:r 21. 



Chapter 24, 

METHODS Oh’ TESTING SMOKE FTLTERS 

u.-! Gb:NERAL PRLNCIPLES OF SMOKE 

F LLTER TRSTINC; 

The most, effect,ive mwl~unicxl filhr for this smoke 
should consist of fine fitxw, e.g., of :wl~slos, supported 
on x woh of larger fihcrs which give: the: filter mechani- 
cal strength ant1 allow passage: of the air with rnini- 
mum resistnnrx The production uncl comparison of 

c;uc:h filter mnt,wialx and tho rnanr~lacture t~~tl tcwting 
of completed fiMc:rs is a problwn for the CW deferisct. 

Once t,he genwnl characteristics of’ a filt>c:r nAeria1 
are known, routine t!est)s of pressure drop and fil t<rx- 
tion can bc medc cmder :i Gngle set of c*onditions if 
these we suitttl)ly chosen.’ 

avwagc rate of 50 or li0 lpm, and t,ti:4,t, I,he in&n- 
tancxn~s rate at, the: ~wak of t,he cycle may be as high 
HS 2OO.x The rate: of 8.5 lpm was tak(:n us 1% standard 
for nieasurem(:ntJ of pressure drop :mtl filt.er efficiency 
of e:tnisters, :mct 320 em per sw of linear flow for 

I,dhg fiber ma.tt:rial, at a prtwsurc: drop of 30 mm of 
water. 

The mcxsrwement of pr(:sswc drop is simple c:nough, 
and discussion mill bc confined to t,he measurcmen t 
of smoke pc:nctrat,ion. Hwc: the: l& smoke should he 
of the most, pc:netrating sixtt. The: ~,cst rtpparxtus mu& 
include :G rc:liahle smoke gcnc:rat,or and a rapid ~tnd 
sensitive: rrwthod of mewuring inlet and outlet, smoke 
concentration. For poor filters, chemical or other 
methods of analysis of wnples filtered from the 
smoke are adequate:, nlthough Che prows ie ex- 
txcmely slow, Such methods are tot:dly intttlequntc 

for the best, t,;ypc:s of modern filtrr, whi(:h require: 
much more wnsitive rtnalyt,ic:bl rnc:l,hods, usually 
I~:~,wtl on the rne;~bww~ent; of the light swl,t,tc:rcd from 
th: smoke. tiuch mt!t,hodt;: nre more rapid :w well as 
II~OL’~ sensitJivo. Insf,ct~d of giving th(? :Lvc:r:Lgc penet,m- 
lion integrntcxl over :t long pcriotl of timr:, I,hep give: 
instantant~ous dares of’ ef?h:nt c:ont:cnt~:tt,iorl. IJn- 
less the instrument is differeriti;~,l ~ltl compares in14 
and cdHuontj c:oncentImtion fiirnlrlt~~net)r~Rly, it, must, 

br: uwi \\,ith :I, ,rmokc ~sc:rwuh~r which is adjusted to 
~woduw :t srnoko of c:onst~~tnt~ size and const:hnt, mass 
conc:r:nt~r::~tion. With nny t,ype of inst,rument) t.he l,eF;t# 
,smokc ~IJS!, he homogt:nrwls or newly so, othorwiw 
t,hrb filtrution will (::msc’ tt change in the p:l,rtic*le-sixr: 
ili~trihut~ion. The particles of t,hc: more penetrating 
sizes will comprise u larger proportion of Ibe effluent, 
t,h:m of the original wloke, and the! light wettered in 
the l;wo casw may not, he strictly pro~~ol.t~iotlnl t,o tlic 
respect,iw qwmt,it~ies of smoke. 

The :wtwl developmc:nt8 of methods of t,c:xt;ing 
smoke filtws p:wtlleletl th(: increased underst,:ultling 
of t,he procws ol f&rat,i on ant1 thp iniprovemcnts in 
filter material whir41 took placx: dewing World War 11. 
The production of t,est8 smokw will be Men up first, 
then the mc%hods of smoke-filt>cr twting designctl for 
1:thnratory use, :I nd finally t host: \\Gh were adapIri1 
to product,ioo-line t&ing. 
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“4.2 C:H KMTCAL TEST---SMOKE 
GENERATORS 

Most of tllc, generators used for the production of 
uniform test smok(ls cmployc~tl condensation of super- 
saturated vapors, as dcxcribccl in ChaptIer 20. 

24.2.1 The NDRC Homogeneous 

Aerosol Gmerator 3 

This apparatus already has been tlcncri hot1 in 
Chapter 20. Tn the hands of a skilled opc:rat)or it, pro- 
duces smokes which are bearrtifully bomogcncous as 
,judged by their spect,ra. Howcvcr, this generator is 
t,c~mpc:ramc?nt,al, is not, easily adjusted to give fine 
smokes, ant1 cannot, bc run for long t,ests without, 
continrlous cart and adjurtmentl. 

24.22 The M IT -12 I I37 Smoke CGencrator 

The CW8 Development Luborut,ory pc&‘ected a 
standard lest-smoke generator which was widely 
used in smoke filt,er testing. The MI’FEI R.7 genera- 
tor 1 employs a stream of humitlific~d air at, S8 lpm. 
This is divided so that a flow of 17 lpm passca t,hrough 
a heat,od chamber where it picks up (lioc:tyly~llt,h:Llat,c~ 
v:~por from an opnn cup. The vapor-laden air is mixctl 
with tlic larger stream of air at, a Venturi orifice, 
rmdcr 1lighl.y t,urbulont, condit)ions (Reynolds number 
of 45,000 to 50,000) so that the rapid cooling yields a 
fine smoke. The mass concentration is adjusted to 
about 100 yg per 1 by regulation of the boiler tem- 
perature. The particle size is adjusted if necessary by 
means of a small filament hnater in the large air 
st,ream, so that t#he MIT-ElR2 particln-size mete] 
(A(?(! The Owl, Chapter 22) gives a reading of 29’ 
( f I”). This corresponds t)o the standard smoke of 
0.3 micron tliamotcr. The generator is connactcd to 
convenient, clamp holders for canist,ern and sliccts of 
filt~crpapcr. The: generator furnishes a sample of 3 lpm 
of raw smoke for 111~ I)cnc:t,romt?t~t?r and 85 lpm for 
the filter t,est. 

24.2.3 The NRI, Smoke Gee*erator B 

Work at, tllc: Naval 13ese:trch Laboratory purallclcd 
that at the CWS Development T&oratory. The MIT 
smoke generator’s were testr~tl and several basic modi- 
fications were made, which t~tltlc:tl to the stability of 
operation. The MIT genc>rators were designed to 
furnish a test smoke under prcssurc, which was 
forced through the filter. ‘l’hc insertion of the filter 
increased the resistance in tllc: lint! and this changed 
t,he concentration and c:llarRc:tc:rist,ics of the smoke. 

The NRL generator was designed to furnish smoke 
to a 5-gal reservoir at a rate somewhat greater than 
t,liat, required for test. Excess smoke escaped to the 
atmosphere through a vent, while that required for 
test was s7rckerl through ttic filter by a vacuum 
connection. Although t,his arrungcmcnt, rcquircd a 
tight test, system to avoid tlilut>ing t,hc: test smoke or 
introducing dust, from the: room air into t<he filtered 
smoke lint, the NRL group considcrt?d that< it< stabi- 
lized tllc? t,ost smoke by keeping thr: prcnsurc in t,hc 
gcnc:rut>or constant,, ti,nd by allowing tllc: Brnok(? to cool 
t,o room tcmpc:rttt,urc bcforo it was usctl. 

A prop&r stirrer in the rcscrvoir of diootyl- 
phthalate helped improve the control of temperature 
and rate of evaporation of the liquid. Lat,er, a water 
jacket was put around the quenching air stream to 
keep its temperature constant, and this also helped 
to st,abilize t,he particle size of the smoke. 

m.2.1, Smoke Materials 

The mutcrial for a test, smoke should bn a liquid 
with a low vapor pressure at room t,cmpcruture. It 
should be stable for long periods of time at the boiler 
temperat,ure. Triphenyl phosphate [TPP] was used 
in much of the earlier work. Tt, has the disadvantage 
of being a solid melting at 50 C. Although it, forms a 
supc~rc&t:tl liquid smoke, this solidifies when it de- 
posits in any c:ool parts of tllc? gcncrator, and cvcn- 
tually clogs tlic apparatus. (Xc acid also was used in 
the early work. It, bun a lower molting point, than 
TPP ant1 also supercools to form a liquid smoke. It 
has the disadvantage of decomposing at the tem- 
perature of the boiler. Tricresyl phosphate [TCP] 
has the advantage of being a liquid at room t,empera- 
turc, and was usctl to some extent, but, later was 
given up because of its tendency to decompose and 
the fact that it, is somewhat, toxic. l~ioctylphthalate 
[DOl’] was the most, useful smokr: mat,orial, and bc- 
came a standard test mat&al by the end of the war. 
It is liquid at room tempcrut,urc and is fairly stable, 
altllougll it dccomposcs somcwhst, after a consitlcra- 
ble time in the boiler. 

24.3 LARORATORY TEST METHODS 

When t,he IJnited States entered the war, the CWS 
at, I~dgewoocl Arsenal used two standard laboratory 
methods of testing smoke filters. The first employed 
toxic test smokes [DM or DA], the second utilized 
nontoxic methylene blue [MB] introduced by the 
British. 
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24.3.1 I)M and DA Srnokc Tests R 

Smokes of 11M ’ are produced hy dripping ti 1 yCj 
solution of T3M in acetone upon H, hot, pla~tc held at n 
t,empernt,urc of &out 245 C. The Hmoke is generatctl 
in it closed box, which is kept, at, :1. temperature of 
15 to 50 C. l’ha resulting smoke p&&s ure solid 
crystals. Microscopic examination on 1% thermal- 
precipitator slide showed :t partic~lc-siEe distribution 
(:luve with :L peak at 0.2 micron cliarneter, which is 
only slight1.y smaller than t,he most, pc:nr:lrating size 
(0.3 micron diamet,er) nntl no purtic:les larger than 0. li 
micron diameter. The Hmoke, at a concentration (-)I 
about 50 pg pc?r 1, is passed through t,he tc:tit, filter at1 
32 Ipm. The effluent, smoke is analyzed for zrsenic 
by :L modified (.:ut,zc:it method sensit<ive to 0.01 yg 
pc:r I, or O.oZ(j{, pc:r~c:t,rslion.M A charconl l)c:tl is placed 
bctcveen t,he filter and the analyzer to :d~sor~h any 
‘l>M vapors which may come from tllc: gcnrrator. 
‘IhiH arrangement, improves the consistency of t#lle 
rt:tiulls, hut, rcmovw 20 lo 25(;/;, of’ the IIM smoke. 
The t,est, t,her(+)r(: does not yield :thc;olut,r> per cent, 
penet,ration, :&hntlgh it can 1~: used to grade a seric:s 
of cnnist>c:rs or samples of paper. Additional din:itl- 
vantngccr of this test we tlif: toxif4y of the agent, tllr 
excessive: time required t80 c::~rry ollt the chcmic::ll 
analysts, and the fact tll:.~t, solid smokes with irrcglt- 
lady &ped particles arc Icss penetrating than liquid 
smokcx with the same nurnl)cr of spherical partic:les. 

Tllc: UA t,est 3 obviatc:s this dific~llty, since: Ihis 
ma~crial forms :I, liquid smoke. The mcthotl of pro- 
tlrlct,ion is similar to that, for TIM Brnok(:. An acetom: 
solution of atjollt 2.6 g per 1 is hoppc~fl Ltt the rate of 
80 drops prr minute on a hot, pl:~~c to form t,he smoke. 
Experimdd tests also \w:r(: run wit111 TX smokr 
producc:tl in the xame \V:LY. 

hrsc:n:J in t,he EA.--l? I mc:t,rlr, l1 the smoke is g~no~~tcd 
t)y atomizing n I ‘jy, ::~queous solution of methylene 
hlrle and evaporating the wat<er by mixing the spray 
with 8 larger qu:ult,ity of dried air. h’licroscopirt esrtmi- 
nation showed t,h:r.t> most of the p:&:lcs were nearly 
spherical with :L diarnet,er of 0.2 rnic:r~>n, and only 
:1 l’ew were largw th:tn 0.4. Th(! Brnokc is drawn 
through the filter or cnnister at8 a rate of 32 lpm nntl 
thpn passes through :L strip of filter paper for a 
tlrfinite length of tirnc>. ‘l’he test, strip is “developed” 
by exposing it, to skttm and t,hc dor is compnrcd 

with a set of stundard stains. One dis:~dvant,age of 
this method of comparison is that, tlic: rate: of drawing 
off standards is different, from lhe rate ur;cd in making 
u t,est c;trip. This may lead to error, since velocity has 
a consid(rrable efl’ect upon the pcnctration of smoke 
through papor, especially the: :~lphs-wt:b paper which 
is used &H the: stendard strip. ‘1~1-1~ lowr?r lirrlit of the 
methylcnc blue test is ah011 t, O.CKKf~, pcaotration. 

The CWS Development, Lahoralory at, lMIT de- 
signed the: MIT -TC2 mt:thylcnc k)luc: penetrat,ion 
Lester ‘% t80 0vc:rcome some of thc:nc? tlific:ultic:s in the 
testing of Glt,er paper. T11c~ MB smoke, generated as 
l>efor(:, is passed tlirou~h :t pad of :t mrmher of shec!tJs 
of the filter pnpcr under test, and the stains protluc:c:d 
on tbc single s;h(:(G art: compared. The penetrat,ion 
per shpct c:tn he calcul:rted from t,lie filtration law. A 
fi(:ri(bs of tests at, lGlgc\vood Arsenal la inclicatd t,ll:Ll 
the MIT X2 tc:stJcr gave less rfqwoducible rwults than 
the EA--1I:I t,(:stcr, wfts not, suficiently scr&ive to 
discrirnirate closely l~t~wcen filter papers of differt:nt, 
fillwing qunlitics, :d required 25 min for :I tjf:SI, 

compared with a,n average of I miri pc?r test, on the 
EA 11: I . It, c:::m he used only for filtcm in shret form. 
An indirect method, which is slill less smsitive, must, 
be used when the filt,er shcctJ is c+olorc~l. 

24.3.3 ‘Fhc Radioactive Yrnokc Trst 11-16 

Grly in t,he N I)lK nrnokc program (Novemhcll 
1940) :t method of twting t,lic: fillering power of shcwts 
of paper or bulk rnatcrial was devised, using ratlio- 
actjive teat, smokes. The sheets, or bulk mntoriul made 
into p& of Imilorm t,hicknr!ss, :~~r(: :Irr:mgctl in series, 
ant1 the: Lest smoke (e.g., triphrnyl phosphate COII- 
t,ainirlg mdiophosp~oru~) is p:~~ssc:tl tllrough thetic\. 
Aftnr :A sufficient length of tirnr: the st:c:tions are testctl 
srp:trat,ely with :1. &igcr cowder which wgislcrs 
c+ormts proportional t,o the amount of smoke rc!movcd 
1)~ each sectJiori. This t,c:st, served to compare the: filtrr- 
irlg power of mni1.y m:*tc:ri:Js and played an import,ttnt 
role in the early NDRC smoke program. It suffers 
from l,lic disadvantage of requiring r:dionctive mS% 
rialfi ~ncl lechniques, arid lat,cr was given up in favor 
c,f rnclre rapid, simph:, and tiensitive optical methotlx. 

24.3.4 Optical Smoke Penetration Meters I7 

TH b: NI>ltC (OPTICAL MABH-C:ON(!I’:N’I’RATION 

MkYrr:n 25 

H(:forc the introduct~iori of phot oclcct,ric meters, the 
NDRC optical mnss-r:onc:c:nlrttl,ion meter wns tl~~~c:l- 
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opc11 and rwd for rnany of the decisive tests on var- 
ious filter materials. An apl.)rc:c:iat,ion of the advantage 
of small-angle for\vartl wattwing, and thorough 
familiurily with optical syntomfi led to the design of 
the: instrtm~cnt, :tIr(:~~dy tIcswiM in Chapter 22. It 

was operated in a small dark room and, in the: hantls 
of a skilled operator, was sensitive to 0.001 pg per 1 
of a 5 order (1 micron diameter) nleic acid t>cxt, srnokc 
or the st<andard DOP smoke of 0.3 micron tliamc:tcx 
and 100 pg per 1. Thus, the inst,rument was scnsitivc: 
lo 0.00 1 ‘;;, penet,r:l,t,iol~. The optical comparisons werr 
very tiresome for the operat,or, and required con- 
siderable skill and fxpwicnce as well as time. 

An opticxl sysl,cm nt:urly itlwt~icwl wit,11 that of the 
Nl>ltC optical rnc:t,cbr \ws tlw&~ped independently 
at about, t81w samt: time: at the CWS Development 
Laboratory ant1 IISV~ in t,llc: MIT- E I I<, I ol)ticnl 
rn&:r. This \\‘a~ tlrsigncd as a rapid, portable, and 
simph: inst,rumrnl for trsting filt,c:r papws or canisters 
with liquid srrwkc furnishe(l by the MIT -ElR7 
gcnwator 4 dw(~rit~cd in :I prwious nwtion. Tt utilized 
two smoke> wlls, with itlcnt,ic*:ll lamps ant1 itlenticad 
optical systems, employing small-angle forward scat- 
tering. IJnfiltered smoke passes through one cell :tnd 

filtered smoke tlllrougll t8he other. The light scattered 
from the filterrtl smoke: passes direct,ly through a small 
rectangular holn in the center of the silvered face of a 
prism forming OIIC half of :I, phot,ometer cube, while 
t>hat, scattcrwl from the: raw smoke is reflected from 
a Gnglc prism :.tml l,hcn from the: opposite side of t,he 
silvcxwl fwc:. ‘I’lnls t,hc: fi~ltl, vicwwl by a low-power 
microscope, consists of the central rwt,:r.ngl(: of light, 
coming from the filtered srnokc, s1~~~~11ntl~~t1 1)~ the> 
light from the raw smoke, Ref'orr mcwrwing smoke 

penet8ration, raw smoke first1 is passed t1~~11l?;l~ both 
smoke cells, and a neutral screen filt,er in tlw optical 
syst,c:m is :ttljust,c~ti tSo give: uniform illumination of the 
pl~ol,o~nr~tcr cube. Then Glt,c:rc:tl smoke is put) into 
one: (x:11 and tlic intensity of tlic: light, scattored from 
the: raw smokn is rc:tluc:ctl 1l.y rnwms of a calibrated 
optical gradient rmlil the fir:ltl is again uniform. The 
penetjratjion is read direct,ly from a. ,7-q& logarithmic: 
scale on the same shaft) as the optical gradient. If lbe 
i%ered smoke concent,ration is very low, Idm in- 
tensit,y of the light from the raw smoke cm 1~ furt,llc:r 
reduced by means of optical filters to 0.1, 0.01, or 
0.001 of the reading on the gradient. 

This instrument is compact, portable, and simple 

to operate. A small light shield over the cyopiece 
allo~~s it to be read in the ordinary daylight. It gives 
absolute penetrations, and has the advantage of any 
comparative method in that a sin& reading givw 
relative light scattering, and gradual chsngcs iI; the 
c:oncontrat,ion of the test, smoke are compensated. Its 
c:hic:f tlisatlv:l,nt,ago is that, it requires visual com- 
parison of two fields, which is tedious. It was the 
c:xpc:ric:nc:c: of t,lw Division with t,he instrument, fur- 
nishrtl that, nntlcr optimum conditions individual 
readings vary by as much as 10ni;, and :I series of 
readings arc required for 5O/ :w:urwy. ‘Chc limit of 
sensitivity of this instrument was found to lx? about, 
0.05’%, of a 100 PL# DOP smoke, Iwing tlotwmirwti 
chiefly by stray light in t,he emuent smoke cell which 
could not be reduced below this value. 

318.3 .5 The huulralian Ionization 
Pcnctronictcr 20 

An ioniz:r.lion I”:Il(:tl’ornc:t,c!l, was tlwc~lopetl at, t,lw 
Munitions Supply L:ll)or:.lt,oric:s, Msribyrnong, Rus- 
tralia. A I ‘/;;, solution of sucrose is sprayed &er a 
prwsuro of 30 psi to gi vc :t cloud of charged particles. 
Mobility Iii(::LsIirCIri(:lit,s int1ic:ai.c: :1 mean diameter of 
0.03 micron. The spray is tlilllt,ecl to :L flow of I cu ft, 
per min, yielding a positive ion conccntr:ttion of 
about 400,000 per ml. The electrical conductivity (II 
the smoke is measured before and after Mxation. 
The sensitivity of t,he penetrometer is O.OOOZn/, per 
mm deflection on the scale, on the highest sensitivity 
range. Four to five minutes are required per test. The 
ions; w-c found to lx: on1.y about, one-fift,h as penetrat- 
ing as a carbon smoke at a carbon penetration of 0. I yh 
and only 011~~llirndrcdt,li as pc:not,r:btirig as mt:tllylcrlc~ 
I due. C.~ornpar:ttive t&s of this mctlioti apparr:nt,ly 
have not been made in this co~mtq, hut, it, xhoultl 1)~ 

invest,igated, since it might be uscflil oithcr for the 
st#udy of the penet,ration of very fine: smokes, or if 
l:wgc:r ions could Ix: producnd, as a penetrometer fol 
use wit,li tlic: standard smoke of 0.3 micron tliamctc:r. 

24.x.6 l’hotoclcctric Smoke l’cnctromctcrs 

HILL’S hOTOlELECTRIi: SMOKE hNlWROMETER 21 

At Ibo st:wt, of tlic: war, the most, acnsitivc latwra- 
t,ory instrumc?nt availal)lo wad t tic phot,oc!loatric: 
smoka pc:nc!tl,ornct,cl, developed by A. 8. c3;. H’ill fol 
the tcvting of c:ornmcrc:i:d dust, rwpiretors, which is 
dcscrihcd in the: Hritish .Journ:tl of Scientific Imtru- 

rncnt,s. Hill’s twt, smoke consisted of carbon particles, 
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which hr stated had an avc‘ragc diameter of 0. I(i 
micron. The smoke was made b&v the carefully con 
t,rolled incomplete combusCon of b11 tane in a bunsen 
hurncr. The smoke contained (i.8 X IOH pnrt,icles pcx 
litor, at a mass cc~ncc~nt~r~~tioll of about, 25 pg per 1. 
The ahsorpt,iori of light, by a 50-cm column of this 
smoke was measured by mcttns of ~2 photocell con- 
nect,od to a triocle amplifier, the plate current, of which 
ws,s balanced with :I, srritable resistor anti a hi&v 
scnnitive galva,nornc:t~cr. Alt,hough the total absorp- 
tion of the raw smoke was only about SOA, pcnetra- 
tionx could be read to 0.02(%, (I. mm galvanometor 
deflection). This arrangements requirctl careful ad- 
justment, of the flame to give a uniform smoke, and 
careful regulation of the ligln current and the bat- 
teries, in order to measure t,lic minute changes in the 
intensity of the t,ransmittr:d light,. 

In the early days of the war, a carbon-nmokc 
pcnetrometer was developed and used in l&land for 
testing gas mask filters, and was employctd in Canada 
as an acceptance test The l3nglisb apparatus was 
sensitive only to 0.5yU ant1 was superseded by the 
Ml3 test. A penetrometcr, using carbon smoke also, 
was developed at the Pulp and Paper Research Tnsti- 
tute of CLtnacla. Rutano is burned in a bunsen jot, with 
a variable amount, of air bled int,o t,he gas stroarn be:- 
fore combustion. The penrtrometer consists of two 
smoke cells separatctl by a filter holdor. The light, 
xcattcred by the srnokc in ei,ther cell, is rnt:asurc:d by 
means of an R(.:A 929 vacuum phototube and a 
balanced d-c amplifier of the c&om’c: follou~er type. 

It was fourld that the penetration of rayon-asbest,os 
filt,ers incroascd markedly as the amount of air bled 
into the gas stream was increased. Electron micro- 
scope photographs showed only a slight, incrctrsc in 
t,lic relative number of paiticles of optimum size as 
the gas is diluted. This change was not considered 
great, onougb to wxwu~~t for the large increase in 
ponetrat~ion , It was concluded that, the phenomenon 
was a mass-concentration effect, tbr: carbon smoke 
forming a ,reYfiltf;r upon the rayon asbestos fibcm. 
The more concentrated the smoke, the greater was 
the pre-filtering action. 

Since t,he mass c:oncent~rRt,ion must be controllr:d 
with care to insure significant, penetration data, Ed 

since liquid smokes are 50 to 100 times mom pcne- 
trating than carbon smoke, the carbon penetJrometrr 
seems to be of lit,Uc practical use 

This instrument, was dovc~lnl~rd for testing samples 
of filter paper. A single 50-q) turtomobile headlight 
supplied light, to two smoke cells set at, right, angles 
to each ot,her. In each cell the light, was focused by 
means of a lens sy&m 11p0n a small area where t,hc 
light, scat8tercd from t,lir smoke at, right, angles, was 
viewed by a Typr 931 pliotomultiplier tJubo. The 
st,ray-light current in each cell was balancc~tl out 
electrically. 14.~~ smoke flowed through one ccl1 and 
filtered srnokc through the other. The current, tluc to 
the scattnrcd light in each case was read and the: ratio 
of th: two gave the smoke pcmctrxtion. The sensi- 
tivity of the instrument, was abolrt 0.1 :s{, pen&ration 
when using the standard 100~p.g t,est smoke. 

Hy 1943, smoke f&cm were improved to the point, 
where they transmittctl only :I, few hundredths of a 
per cent of a st,antiartl L)OP smoke, of 0.3 micron 
particle diameter (as judged by a 29 degree Owl read- 
ing). At a stantlartl concentration of 100 pg per 1 fog 
the test smoke, t,he cdflucnt, from such a filter could 
not be measured by means of the I&UT-ElRl opt,ical 
mass-concentratJion mctrr. The NDRC optical mass- 
concentration rncter has the necessary nensit,ivit,y 
only in the: hands of a skilled operator. Howc:vr:r, a 
ponct~romc:(,cr’ for roinine tesCng, sonsitivc to 0.001 “/b, 
was c:vitlontJly needed, and tests in this range arc ex- 
t,remt:ly difficult by any visual ~rd~otl. Ncitber the 
ECiInl,orley-C.~lark nephelomctcr nor any of the photo- 
electric: photometers then in USC by the Armed Forces 
in this country, Great, Rritain, or CLnada, had the 
desired sensit,ivity. The only photoelectric penetrom- 
eter of suflicicnt, scnaitivity was that, of ITill to which 
reference has boon made.“1 This instrument, however, 
measurotl the absorption of light, and rcquirtxl extreme 
control of light intensity as well as an fxtrc?moly scnsi- 
t>ive galvsnomctcr. Since only about, I O($, of t,tic: light 
was absorbed by t>he raw smoke, the intensity of the 
light had to be kept const~ant to O.U027~, in order to 

obtain IIill’s sensitivity of 0.02 “/;, in t,lie penetration. 
If the pattered light, is measured, however, the varin- 
tion in light intensity can bc of the order of t,he tit:- 
sired accuracy of measurement, e.g., l’$&, provitlcd the 
background light intrnsity is kept, low. Hill’s instru- 
ment, also rcquirctl a galvanometer with a sensitivity 
of 1,500 rnm per pa, which cannot, be ustxl con- 
veniently cxccpt in a research laboratory. 

As a result of the need for a sensitive and simple 
penetromct,c:r for routine tests, several instruments 
were dc:vc:lopcd for photoelectric mcasurcment of 
the imcnsity of the light smttered from the standard 



LAROHATOHY TEST METHODS 3i5 

test, smokes, using clect,ronic amplification ant1 small 
ruggctl galvanom&rs which could bc opc:ratJctl any- 
whcrc. 

This apparat8us was developed from the NDRC! 
optical mass-coricentr:Ltiorl meter already described. 
A single 50-cp bulb supplies light, to two of the for- 

ward-angle scattering ct>lls placed at, 130” t,o each 
other, The scattcrod light falls on two Typo 9.31 
pllot~omulti~)lic:r t,ubcs. Wild1 raw xmokc in one ccl1 
and filt,crc:tl Frnokc in the ot,llr:r, t,llc: currents from the 
scattered light, in the: t,wo c:olls pass through resistors, 
one of nliicli can l)p varied so lliut t,lic: IK drops are 
I~~lanc~:tl in a bridge circuit. If thr ourrcnts are pro- 
port>ional to the smoke concentrations in each case, 
tJtic ratio is tlic smoke pm&ration. Careful t,ests 
show~l, however, t)hat) the Type 931. tubes were far 

less reliable than had been expected, when apprec- 
able curre& were drawn. Tndividud tubes also 
varied widely in tticir ctiaract,erist,ics and suffcrod 
fatigue so that, a current, of 0.5 ma moultl fall oft’ by 
25% to SOY;, in an hour of steady illumirmtion. This 
metIer was st,udied in some detail at the Central 
Laboratory of Division IO, but, reliablo results t~clow 
0.05 %, penet8rnt,ion never could he obtained. l‘licrc:- 
fore tJhe we of t,ht! Type: 93 1 tuhc! in ~uah an arrange- 
ment was given up in favor of t,lic: fnorc stable 
v:l.c:ullrn-t,ypc: photolrlbe in conj rmction with suitable 
umplifying circuitIs. 

This compact,, tlirt!Ct~-rf!R(lirlR phot,oc:l(:c:tric: pent+ 
trometer, tlcnignctl c:spc~c:ially for rapid and accurate 
readings to 0.001 cg) of the st,:~~~dd D0P smoke, is 
shown~sch~:mat~ic#llly in Figrrrc 1. It was developed 
between March I943 ant1 Juno 1.944. Thr photoclec- 
tric current, passing tdlrough the resistance R pro- 
tlrws :~cross it, a pot,ential drop X,6 which can I-X: 
balanced by means of t,he pot~ent~iornc!t~c~r HO as to 
bring the galvanometer in the plat,c> cirtauit, of the 
amplifier tube t>o zero. 

The smoke-cell arrangomcnt is shown in Figure 2. 
The smoke from any euit,able generator can be used. 
The CW8 Dcvclopment Laboratory MIT I!: I137 
generator 4 was widely usccl for test purposes. The 
smoke entc\rs at A :~ncl lcavcs the cell at R. The con- 
verging bcarn of light from the a,spheric lens @em 
C illurninalcs the smoke intensely at the focus 1) 
wliorc: t,hP image of the filament falls. Bray light is 

reduced to a minimum by IM: of the! light, trap R t,o 
absorb t,he diverging beam, the baffles P, G, and the 

slit,s H, H, which limit, the field of view of the phot,o- 
cell. This reduction of background c:ompt!nsatJes for 
the reductJion of intensity in using right-angle instead 
of small-angle forward scatt,eriq. 

l‘hc ‘l’ypc: 929 vacuum phototube was removed 
from its lw~' to rctluoe leakage currents and con- 
no&cd through a very high resistance to the grid of 

a Type 38 t,ube which scrvcs as a sin+ st,ago of (1-o 
amplification. As the photocurrcnl, is rctlucetl (t,o 
5 X 10 Id a for a srnokc conccnlration of’ 0.001 hg 
per l), the potential drop is kept within t,he range of 
measurement by increasing tho high rcsistancc by 
decimal steps from 10’ to lOlo ohms. A special circuit 
was introduced, which compensates for any deviation 
of the high resistors from their nominal values. 

A photograph of the inst,rument, is shown in Figure 
3. To rnakr: a mt:asurc:mc:nt, the swit,clios are turned 
1x1, t,he grid biacr is adjusted and tbc stray 1ighL knob 
is turned to balance the st,ray light c1cc:tric:all-y. Then 
raw srnokr is passed through t,llc: cell, the scale switch 

is set on 1 (connecting Lhc: IO’-ohm resistor in t,hc 

c:ircrGt), l,he per cent penctzation dials arc turnctl to 
100, and the sensitivity is adjuslctl to give a zero 
reading on the galvanometer. Next the filtcrctl smoke 
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shown t,o be harmful to the filtc:rs on the proclric4on 
line, the: concentration of the test, smoke was reduced 
lx) about, 2 t>o 5 mg per 1 .4!3 Howewr, this rechrt~ the 
sensitivity of the mc:t,cr to somewhat lxMr:r than 
0.2?;, pcnetratlon. 

“4.4.2 ‘I’ht CWS I)evclopment Laboratory 
MIT- E I. Canister Tester 4(1e 41 

The grc~tt improvement, in Service c::tnist,ers 
rmdered the: EA---KS meter’ obsolct,c, itnd the much 
more sensitive MIT- -El oanister t,c:ster n-as tlrvelopd 
to take its plrtce on t,he production line. This t,est>nr is 
provitlcd with tho MlT-El131 generator 4 which pro- 
duces u liquid smoke of DOP. A strertm of I& is 
bubbled through t,he liquid D0P in R boiler main- 
tlaincd itt a connt,ant tempcrxtdire within * 0.5 C: by 
a thrnostat. The v:qor-laden uir is cooled rapidly 
as it, is mixed with ti large volume of diluting air in a 
V(:nt,uri tube. J3y proper ntljuetment, of the tempcra- 
turr:s of the boilor and diluting stir, th(: smoke-particle 
six is m:tintaird ut about, 0%micron dirtmetcr, tis 
mc:asured by an Owl reading ol 30” ( * 1”). C)rigindly, 
t,he smokn c:ont~ent,rat,iorr wits hetwoen 200 :d 250 pa 
per 1, at tt flow of 85 lpm in the MIT -El canintm 
tester. Tder, the flow was cut, to 32 lprn and t,he 
concentration was increased t,o 750 pg pr:r 1 in thr: 
MIT ElRl canister tester. This change: w&s matlc in 
order to m&e t,hc teder more: sensi&r: to pinhole 
leaks md canister imperfections, ~1s espl>iined in dis- 
alrssing t,hc pa21’t,iCl(:-c:olrrltinR smoke penotrometor. 

All t,hc srnokc st>rcitm put, &rough the canister ttlso 
t8rnvc:rses t,he smoke cell. Hence it is flushd out 
almost inst,antly. The cc:11 is designed to mininlixc: 
fo1iling of t,hc lenses by srnoko or by lint, blown off 
from the filtcrx, so as to dlow long peri& 01 opfw- 
tion beforr: the background light becomes too high. 
Since thr: t,est-smoke concc:ntrutlion is reducd to 
avoid tl:mlitge t,o the filter, and th(: st::ttterc:tl light, 
from the: smoke cdl is viewed at right, :mgles to rduce 
bLtckground scattaring as rrluch as po~siblc, the 
umount of light scattered from the filtered smoke is 
so minute as to require a very sensitive phot,oclectlric 
circuit. A Type: 929 photocell is cxnployd. A light, 
chopper betwcc:n the lamp and the: smoke dl gives 
90-c p&es from ihe Type 929 t&c, which :LIC l’ecl to 
a I-st,ege 90-c amplifier oporded at, :t gain of :tbout, 
2 x 105. Thus the small cllrrent, due to the light, 
pulsrx scfttterd by the tilt,ered smoke is stparatotl 
I’rom the much larger cl-c lcukage current in the Type 

929 tube. The hac:kgrouncl light, s&ted by the 
cell, is compensatlc:tl by a zero aclj,ist#ment. 

When the instrumnnt, has bec:n dibratetl agrtinst, 
:.1 standard filter, the percentage: penetration rnity be 
red directly. TTowc*ver, in :I production lint, it is 
used as a pess-rejcxt instrument. The rejection limit, 
may tx: set; ns low tts 0.01 ‘yO penet,ration. 

Another ttclvantage of the: tester is its speed. Since 
only &out 5 see arc ~equirtd per canister, it is wdl 
adaptd for usf’ on a production line. The disatl- 
vnnt>:.lgrs are the complicuted electronic circuits, 
which rnrtke th(: initial cost, high and rcqllire main- 
t,ennnc:e men who itre sp(:ci:tlist,s in dcctronics to 
servicxl the mf:t>r>r. 

21,.4.:1 The NRL -E3 Smoke Pcnctration 
Meter 5 

This met,c:r employrd the smoke generator, small- 
imgle forwd scat~t,c:ring cdl, :mcl indicator [mitts of 
the NRJJ-E2 meter describd in :tn earlier section, 
adupted to rapid pr,oductiori-lint:~ testing. The volume: 
of the smoke cell w:~s redud by :t wooclcn sleeve, 
which tilled most of t,he space :~rowd t,he cone ol 
light, so tts to rduce the t,irne l’or equilitmttion of the 
cell. With a test smoke of 125 t80 1.50 pg p(:r 1, this 
insstrument, lid a sensitivity of 0.00 1 ‘XI and mcxsuretl 
,zbsolu tc penet,r:dions. This was :1,r1 dvantagc over 
t,hc MIT -El canintc:r tester, which was c::dibrntc~cl 
a,fi:linst a st,andarcl filter. 

The vdidity of standnrtl fibers is ;dw:lys open to 
some cluestion, chic: to clittnge of pcnetratliori wit,11 us(‘. 
The CWH L)cveloprnent, T&oratory supplied st:md- 
:trd canist,clrs mit,h filters of glitss fihnr, which is less 
rtffect,etl by l)C)P smoke than papc>r filters. The 
MIT-ti:I canister t,(:st(:r, calibrated with wcli :i 
shantl:d, was ford t80 Rive results with other glass 
fibc:r filt,c:rs which qreed wdl wilh t,h(> NRJA-I31 
meter’ (the origind 1:tborator.y model from \\-hich t>he 
procluct,ion-line t,c:ster NKL-I33 US devdoped) , 
However, the penctlat~ions of paper filt,c:rx measured 
wit,11 the MIT--K1 meter were nearly twice as large 
:.ts those ot,t,:tineci with the NRL-TI:I mc:ter. .211 the 
me:tsurtments wrre in t,he range: 0.05 to O.lO(j:, 
penet,rat,ion, The cliscrop:mcy was grestly ~~duceri 
when the MIT test smokr was used wit,h both intli- 
ators. This fart, xllggeste:tl t1hn8t the tctxt, smok(:s were 
not equdly uniform, and t,li:tt selectivr! filtration was 
different with t,hc two filter materids. Even with the: 
same t,ost smnkc, unlens it mere homogenC:ous, the: 
select>ivc filtration could (::luse a tliffcrcntl reduction of 
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the intrnsity of thn light, viewed at right angles in the 
MIT-El meter, and at, small forward angles in the 
NR,J-I? 1 met,er. 

The cornpletc: explanat~ion of all t>hesc: facts awuit,s 
the devclopmont~ of :L met>lrod of measuring particlc 
size distribution in these fine smokes bidore and aftnr 
filt,r:st,ion. If such a method were c:ompar*ablc in east: 
wit,lr t8hn owl rf&ing for av~:rxge parliclr: size, it, would 
give a t,remtxrdous amoi.mL of useful inforrnation. 
However, a practical solution in Lhis case was oh- 
tained by using paper filtorx as primary KLandards for 
the MIT-l< 1 met,r:r, and Lhe glass wool fillers ~1s 

sec:ond:wy standards which were checked against the 
primary ones and t,hen used for routine tests the rest, 
of t,hr: day. The primary standards were replaced 
frequc:ntVly. 

24,.4,.4 The Carbon-Smoke Penctrorncter 42 

This instrument, which has been described in a 
previous paragraph, was used by the British and the 
C:unatlians as a p~od~lction-lirro Lester. The sensitivity 
of the: British apparat,us was only 0.5(y0. The Cana- 
dians employed a photoelectric detector sensitive to 
0.0 I ‘j$ pcnrtr:rt>ion. However, the penrtrornetcr had 
the dixadv:rnt,agp of using a solid smoke consisting of 
rnany chain-like purticlcs made up of small primary 
carbon nuclei. Theso particles arc: less penetrating 
than sphcrioal liquid part,iclr~s of the samr mass. Also, 
they tend to clog the filter, decreasing its penetration 
for the moment, by impregnating it with fine i:arbon 
filernents. IJowcver, this irnprovcment, disappours in 
tlrc presence of oil smokes, whioh wet, the carbon f&r- 
mcnts and cause t,hem to coalesce with the larger 
fibers of thi: filter, as i:xplaini:tl in t,he discussion of 
ttro Eclgc~wootf Arsenal E-3 canister tester. 

24.4’.5 The Sodium-Flame Penetrometer a 

The sodium-flame apparatus was developed by the 

Brit>islr 41, 45 as a 1 OO(A, filt#er t>rster for use in the pro- 
duction of canisters. The srnokc is goneratad by 
atomizing a 2(y0 solution of salt and diluting the spray 
with air, allowing t,hc: drops to dry to a srnokc of solid 
sodium i:hloride. Ax originallp designed, thn appa- 
ratus employid visual comparison of the int,i:nsitii:s of 
sodium light, from two hydrogen flames, ona burning 
in t;he unfiltered smoke, t,lre other in the effluent lcav- 
ing the t’est filter. A comparison spectrnscopc is uncd 
so that, the 13 lines of thr two fiamt:B appcur to be 
soparatcd by a dividing line. The iiitjensity of the 

flame burning in the unfiltered smoke is cut, down by 
means of an optical wedge to match t,hat# of the t& 
flame. At balance, t,he pcrcent8age transmission of tlrc 
we&c is a measure of t,lic cont*i9itrat,ion of t,he filtc:recl 
smoke. Since thl: int,eneity of the flame may not be 
proportional to the concent,ration of salt, in the air 
about the flame, and since the intensity rnay change 
wjt(h the alignment of t,he spectroscope with respect 
to the flnmcs, the value at balance is not, absolute but, 
only relative, Thus, one of t,he disadvantages of this 
type of tester is that, it, yields percont,age penetrations 
only after it is calibratccl mit,h filtcrx stantkrdiscd by 
some other method such as the mcthylenc blue tester. 
A second disadvantage is that it rcquircs visual corn- 
pnrisons of int,cnsitic:s, which is raLher fatiguing, al- 
t,hough Lhe Hritish repori,ed no complaints of eye: 
st,rain from the ohsorvers in their factories. 

The advantages of this tester are its high sensi- 
t,ivity, the rapidity with which canisters can bc 
L&et1 (over 400 an hour by one observer), and its 
sirnplic:ity, which reduced the initial cost and required 
:L smallar amount of strategic materials than did more 
complicated testing apparatus. 

The sodium-flame apparatus was later modified by 
the Canadian Chemical Warfare T&oratories 46 so 
that visual comparisons are replaced by the use of the 
ICA Type 9.31 electron-rnrxlt~iplier type phototubo, 
the output of which is passed through a microammo- 
ter. The meter can be made to give absolute penctra- 
tions by comparison wit,11 a st,andartl filter, the pene- 
t,ration of which has been mcatsurod by means of a 
rnc?tlrylenc: blue tester. The hydrogen flame ia ad- 
jded so that 1 pa corresponds to a pcnetratioa of 
O.OOS(~. After a careful study of the penetration of 
wool-rosin filt,ers, it, was conch&d that the sodium- 
flame pcnetromet,er gave results as consistent as did 
the: m&yleno bluo and 1>OP pcnetrometers. The 
sodium-flame penetrometcr might well be adopted as 
:i protluction-line t)ester if all c:tnist,ors wore testred 
against a solid smoke. 

24.4.6 Possible Use of a Particle-Count- 
ing Canister Tester 

The I)articlc-count,ing srnoko penatrometcr has 
dofinite possibilities as a product,ion-lino tester, if the 
ncxd should arise for such an apparatus. The control 
of Lest, smoke concentration by a plrotoelcctric device 
in I~CW under investigation at Northwestern Univer- 
sity untlor a contract, with the Army Service Forces at, 
Camp Dotrick. The smoke cell and electrical circuits 
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would require littlo change to aramge ior a cormt, of canisters on the sssernbly line lwforc t,hey rwched 
5 or 10 see duration. The chict problem would seem the testing station. The maintenunce and servicing 
t,o be rcmovrtl of all dust from the f&w, which might, of the electronic apparatus pruhably would be simpler 
he accomplisllctl by blowing filtered air through the than for the R/ITT-El canister testw. 



Chapter 25 

SMOKE SCREENS 

By W. H. JLodebush 

25.1 lNTROT)UCTION 

A SMOKE SC.:REEN is an artificially gcnerat,ed cloud 
of smok(b particles, or more usually fog droplet>s, 

produced for the purpose of obscuring vision. De- 
cause of the scattering of light, by the individual drop- 
lets, the: visibility of an object in or beyond the cloud 
may IN! reduced to a low value or to zero. A small or 
dilute cloud produces a diffuse glarr: of light hetw-ecn 
the object and the ol~~~cr which decreases the oon- 
trast between the object and its surroundings (see 
CXapter 27). A large or dcnsc cloud may provide a 
complotcly opaque screen. 

LS.:! TYPES OF SMOKE SCREENS- 
BL4NKET SCKEENS .AND CURTAIN 

SCKEENS 

A smoke scrocn laid over an area to conct:al it from 
aerial observation may be termed a blanket screen. 
A smoke scrocn laid along the ground to conceal ob- 
jects at ground lcvcl from observers on t,hc: ground 
may be termed a c+rtain *screen. If a curtain screen 
rises to a suiYic:ic:nt hciglit it may int,erfere with aerial 
observation, and a blanket screen becomes a curtain 
screen if it, settles to the ground. The distinction is 
important only for defensive acrt!c?ning. In the of- 
fensive: use of smoke, where tllc: object is to blind 
tha enemy by enveloping him in a dense cloud at 
ground level, t,hc distinction between blanket and 
ourt#ain screens no longer exists. 

45.2.1 Meteorological Conditions Favor- 
ing Different Types of Screens 

It, is often stat4 that stable air conditions arc 
favorable to the u~sc of smoke, but this is by no means 
necessarily the case. If smoke is being produced by a 
number of generators under strong inversion condi- 
tions with a wind blowing over a smooth terrain, tht: 
smoke plumes will not spread enough to merge and 
will not rise t,o great enough height to form a satis- 
factory curtain screen. A blanket, screen is entirely 
out of the question under such conditions. 

On t,he other hand, by the proper choice of muni- 

tion, one may product a curtain under any condi- 
tions, Untlcr high inversion a cluster type munition of 
white phosphwms will givo a continuous screen and a 
sufficient, rise, because of the large quantity of heat, 
liberatotl. If the wind dirc?ction happens to be parallol 
to the screen, a long screen can be gonerated by a faw 
munitions. It is, of course, equally possible to produce 
a curtain screen under unstable conditions using a 
clust,cr type munition, hut one giving Icss heat than 
white phosphorus is to be preferred. Under neutral 
conditions a long curtain screen downwind may be 
produced by a sing10 generator. 

25.2.2 Blanket Screens 

The first use of blanket screens in World War IX 
was by the British who used the orchard heater to 
produce a black or brown carbon smoke by burning 
fuel oil. Thnsc: screens were used t,o prot,ect industrial 
areas from night bombing raids. Tl1c.y were satis- 
facttory for the following reasons. 

While thr: orchard heaters are vary inefficient 
smoke protlucors, only a small quantity of smoke ia 
required to produce obscuration at night. The smoke 
is dark colored, so that the canopy was not con- 
spicuous by moonlight. It> is necessary that the smoke 
blanket, lift off the ground to permit, visibility and 
movcmcnt,, and that, th(? cloud rise to a sufficient 
height, to cover tall ohjocts. Under t,he inversion con- 
ditions usually prevailing at, night, the large amount 
of heat produced by t)he generat,ors served to cause 
the smoke blanket to rise to a considerable hoi&t and 
thon level off, as is characteristic of smokes which 
consist of carbon in an atmosphorc of carbon dioxide. 

The oil vapor smoke generator, which has largely 
replaced the orchard heater because of its increased 
efficiency, behaves in a very different, manner. Be- 
cause of t,hc large volumo of brilliant white smoke 
produced, it is bettor adapted for daytime screening. 
Furthermore, sincr: t,here is little heat liberated in the 
smoke production procclrlr there is lit,tle tendency for 
the smoke to rise. Unstable air conditions will be re- 
yuircd to form a defensive blank& screen. Tf these 
generators are used at, night under inversion condi- 
t,ions, the smoke will cling to the ground and paralyzt: 
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Lruffic. Gonditions of extreme instability arc not de- 
sirablc, of course, because a blanket, screen which 
has risen Lo a height, of five or six t8hous:mtl fcc:L is of 
litJLk: use. 

7.5.X SMOKE COVERAGE 

‘l’hc smoke coverage may be defined as quantity of 
smoke per unit, area of a blanket, screen nc!^cessar.y to 
givt: obscuration. It may be stated in terms of grams 
pt’r square meter, or pounds or gallons per square 
mile. (1 g per sq m = 5,700 lb per sq mile.) As 
pointed o& in Chapter 27, the smoke coverage will 
vary enormously wit,11 the varying conditions of 
illumination, contrast, of target, etc. An amountJ of 
0.25 g of oil smoke per square meter, when dispersed 
in optimum particle size, will give obscuration under 
severe conditions. This is oquivslcnt to 200 gal of oil 
per square mile. 

25.3.1 ‘I’be Number of &nerators Re- 
quired to Give a Stated Smoke Covcragc 

If Q is the output, of a gc!nt:rat,or (gallons par hour), 
C the smoke coverage (gallons per square: mile) rc- 
quired, and .I’ tlic: wind vcloc:ii;y in milts per hour, 
then the number a of generators per milt: of front re- 
quired to maintain this smoke covoragc? is 

(1) 

The foregoing statjcm~nt requires quelific:ation. TIN? 
smoke plumes will not merge until Lhe smokr has 
traveled a long way downwind, particularly under 
stable air conditions over smooth terrain. The smoke 
will never be distributed uniformly over the area, 
because of local variations of wind direction, so that, 
the minimum xmokr coverage for obscuration will 
not give obscuration. Finally, the smoke blunkct 
usually spreads out over an increasing widtJli of 
terrain as it travels downwind, so t<hat, the actual 
coverage is less than t,he calculated. 

25.32 Rule of Double Output 

Hence, if complete obscuration at all points is de- 
sired, double lbc ouLpuL given by equation (I) will 
give a modcrat,c: fac:t,or of safety. 

25.3.3 ~Degree of Obscurdon Required 
Ibr Protection 

rt is by no means necessary in all cases to obtain 
complete obscuration for adequate protection. Com- 

plctc: obscuration may be a disadvantage. Thus, in 
tlic Italian campaign near Salerno, it was found 
posxiblc to protect a rear area several miles in extent, 
by maintaining a haze over this area. This reduced 
visibilit,y t,o a few huntirotl .yards, hut, still permitted 
free mobility of vehicles and troops in t,he congested 
area on the ground. There was good visibility between 
an airplane directly overhead and the ground, but, 
this was of advant>age to the ground forces since it, 
enabled them to tlirc!ct, anti:Lirt:raft, fire, whereas it, 
was a disadvantage to tllc: aLLacking plane because 
its pilot, must have visibility at, an angle in order to 
begin a bombing run. A plant? can do little damage 
t,o an objc?c:tivc~ t,lial# is only visible from tlircctly 
:tbovc!. 

25.1’ SMOK I< MBTERTAT,S 

The primary requirement is that the material be 
cheap and available. Since Llie only mothotls of pro- 
ducing a satisfactory smoke are by vaporization and 
conden&ion, the material for this must volatilize 
without decomposition and at the smlc time llavc: a 
low enough vapor pressure so that a few hundrrd 
pounds \iill saturate a cubic mile of atmosphere. 
These last, requirements are almost contradictory, 
and the only materials t,hat can be used practically 
are the stable pet,roleum oils with a boiling range in 
the neighborhood of 400 C. 

Sulfur is an interc?st,ing material in that it, is cheap 
md available ant1 has almost, itlnsl volatility. It has 
3 high rcfractivc index and the: optimum particle size 
is about 0.15 micron radius (RN Figure 9, Chapter 
21). The difficulty with the use of sulfur is that this 
particle size is very critical and lies in a rangr: which 
is difficult to obtain. 

Since heavy lrlbrication stock oils art? ahout, the 
only materials available for the production of smoke, 
it, follows that the only feasible method for setting up 
large!-scale smoke screens is the vapor condensation 
1nct,h0t1. 

25.4.1 Practical Conderalions Con- 
cerning Particle Size 01 Oil Smokes 

Oil vapor smoke generators obtain particle size 
control by t,ho rapid dilution of the oil vapor with 
cool air. As the: mixing ant1 cooling occurs, the vapor 
condenses with a high rlegrct: of supersat,llrat,ion. We 
must assume that sufficient nuc:h:i :wf? present, sn 
that many more particles arc formc,d than are finally 



OIL VAPOR SMOKE GENERATORS 377 

present, in the smoke. A very rapid rate of coagulation 
occurs for a very short time, and the particle size: 
grows to the: proper size without, dcvcloping any ap- 
prcciable hetcrogcncity of particle size:. The dilution 
occurs so rapidly that the proccns of coagulation is 
checked nftcr it few thousandths of a second. 

Tt, is, of course, a matter of coincidence that, the 
condensation process produaes particles within the 
proper size range when t,hc: oil vapor is allowed to 
escape thror~gh a jet with a few pounds escfw pres- 

sure at temperatures slightly above t,he boiling point. 

This r:onclusion is confirmed by t,he fact, that it has 
not been possible to increanct lhc particle size, c.fi., to 
I micron. The vapor issues at high velocity, at 01 
near the boiling tempcruture, and is rapidly diluted 
with cold air. It rnunt be assumed that, the high de- 
arce of supersaturation produces a very high corl- 
centration of v0r.y small particles, and that t,hesr! 
particles grow by coagulation to their final size in the 
first few feet, of travel. Since the time: of coagulation 
is very short,, a remarkably narrow range of particlc 
size results. 

The particle size is variable within limits, possibly 
over a tlenfold range, but it is vfq difficult to produce 
:a parti&, size greater th,an I michron diameter, This is 
understandable if we grant, the initial high concentra- 
tion of very small particles. Whatever may be the 
nature of the nuclei which produce the condensation, 
they appear to be present, in large numbers, tmd there 
is no obvious method of controlling t,hem. The oil is n 

mixture of many tliffcrcnt hydrocarbons and it is 

possible that very large molecules may act as con- 
densat,ion nuclei. Sornc control of particle size is 
oht,ainuble by varying the rate of mixing with the air, 
which varies t,hc length of the period of coagulnt,ion 
(see Table 3, Chapter 22). In view of the fact, that 
each tenfold reduction in particle number (corre- 
sponding to a little more than a twofold increase in 
particle diameter) requires t,on times as long as the 
previous tenfold reduction (Table 1, Chapter 18), 
it, is seen that a given design of nozzle cannot, be 
oper&d to give any groat range of particlc size. A 
thousandfold change in coagulation time would be 
required to produce a t,cnfold change in particle sixn. 

!?urthermore, a long coagulation pcriotl must resull 
in a nonuniform particle size. 

25.4.2 Inflarnrnahility 

When the vapor of a high-boiling oil is rapidly 
diluted with cold air, the zone of ~inflummability 

(where the vapor' concentration is within the: limits to 
support combustion) is very narrow and fluctuating. 
Consequently, even if the jet is ignitctl with a hand 
torch, it, will blow out almost, instantly. This frt!cdom 
from inflamrnebility depc?nds on the proper opcrution 
of the cquiprnent. There are several conditions which 
will almost certainly result, in spo&neous flaming 
of thp vapor jet,. One of these is thp cracking of the 
oil to produce light, hydrocarbon vapors plus carbon 
particles. The danger of this is ohious. 

h second cause: of flaming is the: occurrence of large 
drops. If a slug of unvaporized liquid is thrown out 
into t,lie air, it,-r&ins its heat until it, is completely 
surrounded by pure air. While the: flash point of the 
oil is high because of the low vapor pressure, the 
combustion tc:mperature is probably lower than for 
the lighter hydrocarbons. The large drop will t,hcrc- 
fore inflamo spontaneously. 

A final cause of flaming occurs in the combustion 
type of oil vapor smoke goncrator when the CX~CHS 
oxygen prcscnt exceeds IOO’K, or more. IJntlcr tjhese 
conditions ignition occurs directly from thr: cornbus- 
tion chamb&, and by tho time the oxygc>n present is 
consumed, the jet has become mixed with additional 
air which continues to support combustion. In other 
words, a combustible mixture exist,s through the 
vapor cloud instmtl of merely in a narrow zone? 
bordering the issuing jet, 

25.5 OLL VAPOR SMOKE GE N II: KhTORS 

Two general tgpcs of oil vapor smoke or fog gencrtk- 
tors have been built,. These may bc referred to as the 
coil t,ype and the combustion type:. The coil typo was 
pcrfccled first, and examples of this type arc the 
&so *Jr., the R~slar, and t,hc DcVilbiss. Tn the coil- 
type generator the oil is vaporized in a coil which re- 
sembles that of a tubular steam boiler. In order to 
avoid coking and to retlucc the amount, of decom- 
position of oil in the coil, the standard refinery prac- 
ticc of introducing a small amount1 of water along 
with the oil is followctl. The oil vapor and steam mix- 
turc escapes through jets into the atmosphere with 
an excess pressure of yz aim or more to insure a high 
veloc:it,y. The combustion type of smoke generator-is 
illust,ruted by the Williams (never perfected), the 
York-Hession, and the Todd. In the combustion 
type, the fog oil is sprayed directly into the oombus- 
tion gases from an oil fire. The resulting mixture of 
gases issues from rclutively large apertures at a fairly 
high velocity but only slightly in excess of atmos- 
pheric pressure. 
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25.5.1 Advantages and J&advantages 
of the Two Types 

From the operational standpoint the: coil has a 
great, advantage, since the oil is separated from the 
fire and the control of combustion and oil flow can be 
carried OI 1 t independently. From the standpoint of 
mt:chanic:ul durability, however, the coil is a liuhilily. 
Rocuuse of the high boiling point of the oil, the heat 
transfer per unit area is very low compared with that 
for a tubular water boiler. Since the coil is in direct, 
contsct with the fire, local srlperheating is likely to 
occur, wit#h the deposition of coke and the formation 
of a “hot spot” which will quickly burn through. 
Unless a large, heavy coil is used, it, must, be replncod 

at frequent intcrvsls. 
Since light weight, is usuallly an importJant, CC)II- 

sideration in t,he design of a smoke generator, the 
combustion-type: gcncrator ~OHRORB~H ohvinuc; stl- 
vantages. Still further rctluction in weight, can he 
achieved by the: 11s~: of air cooling in this type, hut, the 
design involves tlifficultics. Since the: combustion 
must 1~~: carrictl out, wit,11 a small cxccss of ox.ygcn, the 
tempcruturr: of the combustion chamber is very high, 
:md heal resistant metal must be used for the cham- 
ber. Cooling fins must be placed on the out,side of th(? 

chamber, and a rapid circulation of air maintJainetl 
over Lliese fins. 

25.6 SMOKE MUNITIONS 

The standard smoke munitions used by the Chemi- 

cal Warfare Service (such as 11’S, TTC, and WP) nw, 

in general, hygroscopic or deliquescc~nt suhst:j,nc:c:s, (31 
protiuc*c: su hfitancrs of t,his c:liarac:Lcr by a c:liemic::J 
reaction. The rcsultm~ smoke is a fog composed of 
droplct,s of a concenlrated water solution with 3 
rcfractivc index 1.10 or thereabouts. Such droplels 
constitute an effective obscuring screen, and, since 
the water is condensed from the air, a small quantity 
of the original material will produce a great, deal of 
smoke. From the standpoint of logistics therefore, 
these munitions would be very satisfactory were it 
not for one difficulty. Them is no satisfactory control 
of the particle size produced by these munitions, and 
it is gcncrsll,y much too large t>o give an efficienl, area 
of obscuration per unit, weight, of mat,crial. 

25.7 METHODS OF LAYING SMOKE 
SCREENS 

There are three gcncral mcthotls of laying smoke 
screens. 

25.7.1 Smoke Screens Drifted into 

-, Position 
i 
This is the method commonly used in defensive 

arca screening. A line of stationary oil gc:nc:rat,ors or 
smoke pots is placed upwind of the: arca to hc 
scrccnod. A high steady wind is more favorable t,h:m 
a low variablr: wind, since it takes Icss tirnc: to tlcvr:lop 
t,tic: screen and there is less danger of sntltlcn shifts in 
t,hr wind. In the use of this method it is necessary to 
anticipate sudden shifts in the wind tliroction, cc~llich 
may prove dis:~sLrous. WiLli no wind this rnct hoc1 
hccomcs pracLically useless. 

25.7.2 Smoke T,aid from Moving Craft 

Smoke may be laid from generators mounted on 
moving plants or boaLs. When pluncs a~‘(: 114, one 
attains the practical resultIs of the tdiircl method in 
LlluL the smoke is laid right where it is wanted within 
a matter of a minute or two. The lead plane in a 
smoke mission i‘s exposed to fire, but once a screen 
is established, it, may be maintained with a minimum 
of exposure. l3oats arc: so much slower that their us{: 
in laying smoktb scrc(‘ns involves the: character of the 
first, mcthotl to a c:onsitler:~hle exLc& ‘l’hc smoke may 
bc producctl cit,hcr from gcnerat80rs mountctl on the 
boaLt or from float,s wliicli arc thrown ovc:rhoartl a1 
intervals. The latter method anchors the screen to a 
fisd point or line of generation. If t>he generator is 
mount,cd on Lhe bouL, a sLraightJ plume of smoke 
Lrails from Lhe boat in a slraight line in the direction 
of L,he relative wind, i.e., the direction recorded by an 
anemornet,er mount,otl on t,hc bent. Such a ycrecn 
mnint<ains its tliroction, ix., travels with the boat, so 
that, to the stationary obsc:rvc:r it bccomcs a curtain 
scr(Acn with a lnt,c!ral drift. I3c:causn of the rolntivcly 
Iow spcctl of a +t, tlic laying of screens from boats 
c::r,lls for a degree of anLic:ipat,ion, and, hence, some 
rmc:erLainty owim in Llic renulls. 

: 

25.7.3 Projected Munitions 

/j The third method of laying screens is by projected 
munit,ions, such as bombs, shells, or rockets. This 
method has the advantage of the placement of the 

screen exaclly where iL is needed (within the limits 
of accuracy of aim) at the instant that it is needed, 
and without undue exposure to enemy fire. In order 
to get a proper distribut,ion of smoke, a bursting mu- 
nit#ion is desirable, but if the screen is to have any 
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duration, a slow-burning munition is necessary. The 
idcal mu&on is a c:omt~ination of the two, and for 
use in landing operations it sholrld also be amphib- 
ious, i.(?., function cit,lier on land or water. 

25.8 OPERATTONAL TACTICS 

The primary use of a smoke scrwn is obwrlnlion 
of vision, and to the cxt,cxit, t,hat, virwing devices 
render t;he obscuration fut8ilc, R smoke screen is we- 
less. Military tact& have a.lways depended heavily 
upon the protection afforded by darkness or natural 
fog. The: smoke wwn affords the same protection as 
darkness or natJur:d fog plus Ihe advu,nt;age that it, 
can bc placwl whew it, is wanted and be initiated and 
discontinucxl at, will, so lhat; Ihe user need not, have 
his own movcmenl,s handicapped by poor visibility. 
For many operations, it would be desirable to dupli- 
catc n:ttur:~l conditions of poor visibility rather than 
to produce a dense screen, but the processes of at,- 
mosphrric: diffusion are t#oo slow and uncwtsin t,o 
x&eve the former. 

With respect to the disposition of the: scrwri and 
t,hc ocwsion of it,s use, smoke screens may bc clasni- 
fiwl 3s tlefensive or offensive. 

15.H.l Tkl’ensive Screens 

A blanket, scrwn placed over an area as a protcw- 
Con against, awin bombing is a common c:xa,mplc of 
a defcnsivc: screen. Such screens wary grwatly in tlicir 
cftfectivwcxx depending upon the arw to ba tlcfcnded 
and the cqllipment oP the attIackcrs. For example, 
when tixctl installations are subjectcxl to p:N,crn 
bornlAng, t,lle attackers are able to uw navigational 
and viewing inst,ruments to tlo about, as good a job as 
if the screen were not, thcrc, and, once fires are 
started, t,hey will be able to judge tJw results by 
pbot,ograpbs. On the other hand, with mobile targets 
such as troops on the ground or ships in a transpnrcmt, 
area, blanket screens may prove to bc of wry great 

act,ual protection, since t,lie enemy can form no 
adequate picture of the disposition of the targAs, 
which are being constantly relocated. 

it, xhoulcl also be mcntioncd tbal an area screen 
(providctl it is maintained at such an elevation that, it, 
does not reduce the visibilit,y at t,be surface to a point, 
where it hampers movcmcnt) is likely to be a great 
:aid t,o the morale of tlw men working in the ar’ca. 

25.X.2 Wtimsivc Screens 

Offensive smoke screens find their greatest use in 
assault or landing operations where personnel arc 
cxposcd to directly aimed enemy tirt:. in t;he offen- 
sive llse of smoke, the purpose: is to t&d t,he enemy, 
and to achieve this purpow the smoke should 1)~: 
placed immediately upon him. The second or thirtl 
method of laying smoke screens ml& be used hwc: 
as a rule, and specid nttcntion must; be given to the: 
probable wind directions. With the wind blowing in 
the face of the assault, troops, the smoke will be 
blown back and blind t,lie assarllt t<roops instcxtl of 
the enemy. 
1.. Blinding the enemy se~~cs two purposes: (1) it prc- 
vent,s directly aimed fire against the assault troops, 
and (2) it, hnndicxps the enemy’s movemwts, cats 
down his ethcicncy, and affects his morale. ‘I‘bc im- 
poriancc! of the sc:c:ontl effect above should nol; be 
minimized. Anyorw who leas attempted to work in 
dcnsc: smoke will realize how difficult, it, is to work 
eff nctivcly. 

TIN: argument commonly urged against, Llie use of 
smoke in assault operations, namelgr, tIlwt it intIer- 
feres witJh the effective fire of the attacking troops, 
iK fallac:ious. While they are advancing, their fire will 
,b(: badly aimed and ineffective; &en they have: 
rcwbed a hold point where thc_v have some protcc- 
tion, t>llc smoke screen can be lifted. A smoke screen 
placed upon an enemy dots not reduce the accuracy 
or effectivenws of gcnwal fire at him by more than 
a small perccnt,agc. 
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TRAVEL AND PERSISTENCE OF 

By W. 11. Bod~~bush 

AEROSOL CLOUDS 

T III? BEIIAVIOR OF SMOKE (when unctl, for example, 
for the purpose of obscuring vision) is subject to 

the same laws of rnic~orneteorology which apply to 
gases libcruted for military purponcs. As in the case 
of the gases, the smoke is us~~ally erniltcd from the 
generator in a jet of considerable velocily, so t,hat, 
mechanical turbulence produces a rapid mixing wit,h 
the air. This effect quickly damps out and is no 
longer effective at a distance of a few feet from the: 
generator. More persistent, effects are due to diffcr- 
ences in density. The ordinary toxic gases are usually 
vapors of molecular weight, much greater than air. In 
addition, because of the absorption of the heat of 
vaporization, t,he gas is much cooler than the air with 
a resultant tendency for the gas cloud to settle. 

With a smoke, the situation is quite t,hn opposite. 
The density of a smoke cloud is but, littlc greater 
than that of air (smoko density of 1 mg per 1 is a very 
pense cloud), and the formation of smoke is usually 
accompsnicd 1)s the liberation of sufficient, heat which 
more than off&s any increase in density. In the (:a~(? 
whcrc srnokc is formed by burning oil or whit,c! 
phosphorus, for csarnple, lhe heat liberation is so 
great, that, the xrnokc cxhibils a very strong tendency 
t,o rise bcrwuse of the reduced densit,y. Even in the 
caxc of an oil vapor smoke or chlorosulfonic acid, the 
condensation of the oil vapor or of moistlure from the 
air causes a rise in leniperature suficient to more than 
compensate for the increase in densit,y due to the 
smoke particles present. 

Table I is self-c!xplansto~y. A lernperature rise of 
0.25 C: will offset, an incrcasc in tli&ity of 1 nlg per 1. 

26.1.1 Thermal Behavior of Smokes 

It will be sccri from Tablr: 1 that there will bc a 
tendency for smoke to rise in cvcry cast, this t,c:nd- 
ency being especially pronounced for white phos- 
p1101us. 

When a smoke appears to br: “heavy,” thcrc is 
usually a gas of high molecular weight prcscnt. For 
example, even on hot, sunshiny days, the black smoke 
from a factory chimney usually rises at, fir& but rnuy 

occasionally fall to the ground after some l,r:rvc:l. 
This happens because the carbon tlioxidc prcscnt 
IOSCS its haat by radiation and then sinks bocarrsr: it 
is heavier tbun air. ‘1‘1-1~ carbon dioxide receives no 
heat directly from the sun l~ccaus(? there is suficient, 
carbon dioxide in tbc air sbovo to remove all the 
radiation of the wavrlrq$h that is absorbed by 
carbon dioxide. ParUes of soot, will, of course, ab- 
sorb heat md tend to prevent, thcl cooling effect, which 
causes the smoke to fall. 

26.1..2 Atmospheric L)iffrrsior~ 

The initial c:onditjion of turbulence, which accorn- 
parries t,he generation of smoke, disappears by the 
Crne the srnokc has travcletl a short distance from the 
generator. The: huoynncy effect resulting from the 
higher ternperaturc of the: smoke will continue to be 
effective, causing the smoke c:loud as a whole to rise. 
As the smoke becomes more and more diluted with 
the cooler air, this effect, will bc loss and less observ- 
able, unless (as in the case of white phosphorus) 
there is a very great initial rise in tcmpc>rsturc when 
the: smoke is formed. 

TABLE 1. rl%xt, of t,cmpcmturc rixc on den&y; relntive 
lrumidity, 70cTo; Hmoke density, 1 mg per I. 

Per cent, by wt nf ccmdersed Tempentture 
w:tter in smoke rise 

0 I .o 
66 1.6 
60 2.2 
83 7.0 

Tho process by which the smoke is diluted and 
mixed with air is called a~rr,,nspheric d~$Jusion. This 
process is often termed et&~ di#~sl,on t,o distinguish 
it, from moleculn~ rl;iJu.~ion, since eddy-like motions 
of one to many fcc:t in diameter are cornrnonly ob- 
sorvctl. lGltly diffusion takes placr: at, th(: same rate 
for a gas as for a smoke while rnolcculnr diffusion de- 

pcnds upon the size of the rnoleculo or particle. The 
rut,e of atmospheric diffusion is rneasurcd by the 
angle of rise and nngln of spread of the srnokc plume 
as it, travels downwind from the source. 

Photographs tnkcn at right angles to the smoke 
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26.1.5 Thermal Gradient 

Although stability relations have t,heir cause in 
ditierencoa in tcmperat,ure hetwcr:n the earth’s sur- 
f:w: and the lower layers of the sir, Ihe ac:t,ual sta- 
bility condit>ions are det,r:rminc?d by t,he t,empc:raturc 
gradient, in t>he air itself. Tf the: ternperat,ure dncreasc: 

with height is mart! than I C> per 100 m, the air will 
be unstahlc, thal is t)o say, the: lower layer of air will 
t,end to rise and to keep on rising as long as t,his 
conclit>ion prevails. This is caost~i by the rising mass 
of air which, even Though it espands and cools as it 
rises, will be warmer and lighk:r t!han the surrounding 
air at any alt,it~ude. 0n tllc: ot,hc:r hand, if t,he gradient 
is less than - I C per 101) m, i.e., zero or positive, 
there will be no tendcricy for tlic: air to rise, because 
:I mass of air carried upward would [le colder and 
heavier than ~,he surrounding air. 

It, is, of c011rsq not, an easy matter t>o ni(:asure the 
tr:mper’ature gradient, but it is ~~siially mrlch exbg- 

gcrated near t11(: grolmd, so that, unless the gradient 
is nwr zwo R tcmperat~ure tliffercbnce of a degree 01 

more will be ohserved belween t>wo t,liermcm~etc~rs 
plut:c?tl a fr:w in&w and a few feet, rc:spet:tively, above: 
t>he ground. 

This critic4 grutlicnt of - 1 C per 100 m is termed 
Ly tllc: melcorolngist the adiuhatir: lrrpsc rate for dry 
air, and the: tlegrcc: of stahi1it.y or inr;t~ability will de- 
pend upon t,he oxt,enl t,o which tlhe tjclmpcraturc 
gradient departs in one direct,ion or the other from 
the c&cal value. The ext>rem(: contlit~ion, when the 
t,c:mperrtture gradient is act~uully positive, is known 
3s iwci-sion anti is oharnctcrizetl l)y ext8remr: st8abilit~p 
of t,he lowt>r atmosphc:rP. (Se Figure 4.) 

26.1.6 Stability Relations at Laud- 
W a tcr Hound arks 

Since :b dilrrnal cycle of stability exists on land arid 
no wc11 variation occurs over wat<er, it might I)(: 
;anticipatotl tLt a sharp discontinuity in mete0ro- 
logical conditions might occllr at land-water bound:b 
ries, which would great1.y cornplicatc: t,he IIse of smokr: 
in landing operations, for example. 11 turns out, how- 
ever, that, this is not, the case, except for discontinui- 
tic?s due: to such terrain as high cliffs or other sharp 
differences in elevation. There is a t,i:ndency for t,he 
air to be stable over beaches which are hordered by 
low-lying terrain. This comes &out in the following 
way. The diurnal v&ation in stability relations 
often results iri thr so-culled land and sea lxeezcs. 
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During the day, the air ov(!r the: lurid becomes 
hc&ed and the: cool(!r, stable air from tlw sea flows 

in over tllcl beach. This air mass must, in t,llrn become 
heat4 nntl unstable by contact with the ground sur- 
fact, t3ut t,he inst8ability will not, be set8 1111 until the 
air mass has p(:netlratecl some tlistlance inland. 

Ori the otJher hand, at night the land is cooled hy 
radiation, and a cool air mass flows from inland out 
over t,he leach. This air mass may be cooler t)han tllr> 
waler and may, therefore, become unst&Ie as it, 
trnvds to HC:I,, buL the air in the vicinity of the beach 
will remain stable. 

The Iorcgoing genoraliz:ltions are only slatement,s 
of t,c:ntlenc:ics. ‘l’hero will be many dqlarl,ures from 
t#his regularity, and the whole &&on may be il- 
lust,ratecl by a discussion of the stability condilionl; 
prewiling over t,he cast coast of Norida in summer. 
Very few fronts pass throrlgh the slll)tropioal regicmc; 
of the worlcl in summer. This is particularly true in 
the nt:ight)orhootl of large wat(:r arcas where the 
disturbances c11~: to land arcas are at a minimum. 
Under these conditions the highs and lows arc static, 
and the gradicnt wind which l)lows along t,he isobars 
maintains a st,cndy velocity day after clay. Al sea, 
this wind prevails practically down to the sea surface, 
where: it is known as a trade wind. Off the east coast, 
of Florida a northeasterly wind blows throughout, the 
summer. The warm Gulf Stream lies some distance 
off tllc: coast, and the air mass becomes unstable ovel 
the Stream. This instability is evidenced by the 
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cumulus clouds which can nearly always be seen 
from the short:. 

The wetter mass between the Gulf Stream ad t,hc 
shore is cooler, so that, the air mass may be cooled 
through to bccomc: stable over this inlervcning watc:r. 
When it passes across the beach over the land in thr 
clayytime, it, will become unstsblc before it has 
t,rvveled very far inland. On the ot,her hand, the air 
at, night becomes cooled over the land and flows out 
Lo sea as a land breeze. This land breeze is usually 
strong enough to oppose the gradient wind, but, its 
effect does riot extend very far out to sea, nor to ~1 

very hiah alLit,ucla. The gradient wind still blowx a 
few hundred or a few thousund feet aloft. At some 
time during the forenoon, the gradient wind will 
overcome the land breeze and blow across the beach 
onc:c more as a sea breeze. The exact, time at which 
this happens depends upon the relative st8rcngths of 
the two winds, and it cannot bc forecast with exact- 
ricss. Similarly, when the air temperature is near that, 
of the water, the c:lvAngc? from stability to instability 
over the water may take pluce with slight changes in 
wind velocity or other variablcn. The temperature of 
t,he water it)self is likely to undergo sudden changes 
such as an offshore wind which may bring up cooler 
water from below near the beach. 

26.1 .7 Theory of Atmospheric 1Xffusion 

In order to rloscrihe the travel of smoke clouds, it 
would be desirable to develop a mathematical theor-y 
in terms of wlch certain mousurable quantities that 
when t>he meteorological st,ructure of the lower air is 
known, it is possible to calculate t,hc smoke concen- 
t,ration at any point downwind. The Rritish metcorol- 
o&s have developed such an equation (on a lrnrddy 
empirical basis) for gas clouds, and it has been pro- 
posed to apply this equation to the tr’avcl of srnok~. 
Certain very serious limit,ations exist, however, t,o 
t,he use of such an equation. 

In the British equation the degree of turbulence 
existing in the air is taken account of by the so-called 
R ratio which is t>hc rat>io of the wind velocity at 2 m 
to the wind velocity at, 1 m. Actual values of the R 
ratio vary from ahout, 1.05 for very unstable air to 
1.30 for stable air over a very smooth Lerrain. 

Srlch an equation, however, has a very limited ap- 
plicability. If the air js thermally unstable, a fimoke 
cloud will lift clear of the ground before it travels 
very far. This will happen as soon as it, encounters an 
upward convect,ion current, but, tho point at which 

it will occur cannot be predicted by a statistical eyua- 
tion. On tht: other hand, under stable conditions over 
a smooth terrain, t#hertb is no natural tendency for a 
smoke cloud to rise or spread. This conclusion is 
supported by t,he evidence of many photographs 
which have: IXCI~ made of smoke st,reemcrs under 
~Lddn air conditions. The only USC t,hat, remains for 
the Rritish eqation which applies t,o smoke ie to 
take account of the mechanical turbulence produced 
by rough terrain. This is done 1,~ means of on-the- 
spot measurements of R madc at, ground level. Such 
measurements will not apply to the smoke cloud after 
it has reached an c:levation of 100 ft. The British 
equation is, of courne, not calr:ulaterl to t,eke care of 
the initial transient, rise and sprea,d of a, smoke: cloud 
which is due to the heat rind turbulence produced by 
the smoke generator. 

26.2 REBAVIOK OF SM.OKl? CLOUDS 
UNDER V.AKlOUS Ml-;TEOKOJ~OGJC:AL 

COND LTJONS 

26.2.1 Stable Conditions 

TJndcr inversion conditions over a smooth terrain 
such as calm water, the only tendency shown by t,he 
smoke cloud to rise and spread is the init,ial transient 
effect due to the brat and turbulence produced by the 
smoke generator. The Lurbulencc is quickly damped 
out but, the heat, produced may bc sufficient to callse 
n ver.y pronounced rise a.8 is t,he case with white 
phosphorus smoke munitions. In the case of oil smokr: 
where the host produced is small, the temperature of 
the smoke at, any dilution is only slightly greater than 
the temperature rquirod to produt:c a buoyancy suf- 
ficient to offset, the increase in den&y caused by the 
prcsenco of t,he smoke material. As the smoke rises, 
the temperature fulls bccaust: of two effects, namely, 
further dilution with cool uir, and thr: adiabat,ic: ex- 
pansion due to the tlocren~c in barometric pressure. 
Since, in an inversion, the temperature of the sur- 
rounding air inareascs with increasing altitude, an elc- 
vation is soon reached at which the smoke is stable; 
having the same density as the surrounding air, it, has 
no tendency either to rise or sink. 

Oil vapor smoke is oPtlc:n observed to level off 
(Figure 5) at an elevation of approximately 100 ft 
under stable air conditions. Cert,ain types of smoke 
will show an erratic beh&ior because of abnormal 
density. Examples of these are (1) the “srnokc pro- 
duced by burning oil in an orchard heater, in which 







EVAPOHATION AND DEPOSITION OF AEROSOLS 
- 

(1) 

Here dn/dt equals t)hc rate of formation of vapor in 
moles per second per drop, k: tlic diffusivity of the 
vapor in air, d the drop diameter, R the gas co&ant,, 
II’ the absolulc temprrat8uro, pn t,he vapor pressure of 
the liquid, and p the actual partial pressure of the 
vapor prcscnt in the air; CXS unit,s are requirt!d for 
t,lie formula. 

The mass rate of evsporalion is proportional to the 
drop diamet,rtr. The: talc of change of drop dinmcter 
nt a constant, mass rate varies invernc+y as the squnre 
of tjlxt diameter. Thus, if both sides of equation (I) 
are rnultiplicd by M/p where: M is the moleoular 
weight, and p the liquid density, 

M dn 

p dt 
dv 2xkMd 
dl , = pHT (PO-P) * (2) 

1Icre D is t,he volume of the liquid drop. ~uhxtituting 
2r for rl, 

dV 4nr’dr ,- = “.- 
dt dt (3) 

TIence, 

This may be integrated to 

01 

Pu -1J)t . 

(5) 

(6) 

Hence, as tllc: drop evaporates, the: rate of decreaxc of 
drop diametc!r varies inversely as the drop tliamcter. 
A curvy showing the dccretlsc of drop tliamcter with 
Lime is shown in Figure 6, plott,c!c! from the &a 
sl~ova in Tahln 2. As the drop size bec*omes smaller 
the? drop decreases; in diarnet,er more> and more 
rapidly. 

TABLE 2. Dismeter or ewpornting drop as IL func(,ion 
of the time for tl tsypicxl liquid. 

Mel wt = 100; density = 1; k = 0.1 cm2 per set; 
p0 = 0.01 mm; p = 0; Y’ = 29X K. 

-. _. -. _.- 
Drop dinlncler (micmns) Time (woorlds) - -.--- .- .-- .~.. -.~- _ 

10.0 0 
7.5 IO 
3.7 20 
3.09 21 
2.24 22 
0.95 23 
0 23.2 

--_ -...-. ---.--,- .-_-.~. .-._ 

0 IO 20 30 

TIME IN SECONOS 

FTGUH~~ 6. bhpotntion of l&micron drop. 

If it is desired to estimate t,he vapor concentration 
in equilibrium with an aerosol, an c&mate must be 
made of the original concentration, and a step-by- 
&p int,ogration must be made to estimate the change 
in conre&ation with time ant1 distance of travel 
downwind, 

26.3.3 Deposition of Aerosols 

Tf the concentration is known at, any point in an 
ut!rosol cloud, tlic: rata of deposition per unit, area 
through Stokes law fall can 1~ estimated. T,et VO = 
the Stokes’ law ratx: of fall for the particular aerosol 
particles forming the cloud. Then the rate of deposi- 
tion per unit aroa is 

V”C, 
whore C is the concentration per unit volume. If the 
cloud is sssurncd to be of uniform concentration at 
all t,imes, and of height, h, then t,he rate of ahangc of 
cont:c!ntration with time is 

dC V”C --=zc --. 
dt h. 

(7) 

Integrating 
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The concentration at, :my point, downwind cordtl be 
cslculat,ed if t,he wind velocity were known. 

The hove c&3Mion a2sxumes :L single nurf:ice for 
deposition and would hold for 3 cloud traveling over 
bare ground When t,he n,rea is coved with vegcta- 
tiq the area of tlepoxition m:ty be doubled. 

26.3.4 Jncr tial Effects 

With wind velocities of several milr:s per hour, 
inertid cffect,s borne vc:r.y important in dcposit,ion, 

especially because the leaves of muny plants are 
covered with hairs of small dimensions, which prove 
t,o he very eff e&iv{: in filtration. Tho deposition dua 
t,o inert,ial effects in dense vcgetnt,ion may provt: to be 
several times that, duo to Stokes I:LW tleposition. 
When one considers thut an sorosol will. usually not, 
be of uniform particle size :Incl that, the concentration 
at, any point, in the cloud is a highly variable quan- 
t,iLy, one tiees that) t#hc estimat,o of rate of deposition 
from an aerosol cloud in a jungle arca m:ly be in 
error by several hm~drecl per cent. 



Chapter 27 

THEORY OF OBSCURATION- 

by W. Il. Roddmsh, 

27:1 THE CON’I’K AST LIMEN 

I N ADDITION TO l~llySiOl~~gica1 and psycllolOgi(::~l 
factors affecting vixibilit,y of a target through fog 

or smoke clouds, t11c:rc: are at least two ph.ysic:al 
factors of fundamental importance. These arc the: 
cnnt,rsst offered by the tar@, and the amount of light 
scnt,t,c:rntl 1,s t8he cloud. The c*ont,rast of’ the t,arget is 
mrasuretl roughly by t>he rcflcotivity of the target, 
although color affect,s the cont,rast to a degree. The 
ordinary smoke box experiments are usually made 
with a t,srget consisting of a white square on a black 
background. The white square: has a reflectivity neat 
unit,y and the black bnc:kground is near zero, so that 
the contrafit, is nearly equal t,o the! intensity of illumi- 
n&on of t,hc t,arget. Wit,11 ac:t,ual targets, however, 
which arc usually camouflaged to a ciertain extent, 
the diffcrc!ncc?s in reflectivity may not be more than 
10 “/;,. An exception is the (:a~(: of the wake of a vessel 
viewccl from the air, where the contrast becomes very 
great. 

If the rc:floc:t,ivity of tar@ and surroundings is 
r’l and r2 respectively, then t,h(: contrast CY may be 
defined as the difference in intc:nsit,y of the reflected 
light, t#hat ifi, 

f: = (Q-T-~) It = ArI, (1) 
where 1 t is the intensity of illuminatJion on the: t,argc:t 
and its surroundings. 

The contrasl l&n is defined as the c*ritic::d r&o 
(‘/II necessary for visibility. CT is now thr ol~sorvotl 
difference in intensit,y and 1, is the t,ot,al intensity of 
light, received by thr cyos from the general direction 
of the target. ‘l’l~: contrast limen depends upon thr: 
t,ot,al intensity of illurnir1:l,t,ion, the angle subtended 
by the t,argcrt, and various other physical anti physio- 
logical factors. It is not, t,lie same for diffcrc:nt, ot)- 
servers, nor for the same observer at diffcrcnt t,irncs. 
However, under ordinary daylight conditions, it may 
be statted that for c:omplet8e visibility C/f, must, not, 
hc less than 1% and for complete obscuration not 
granter than 0.3 “/iI. 

27.1.1 Visibility in a Natural Fog 

Wht:n both target and observer arc cnshroudnd in 
a natural fog, t,hc intensity of illumination rcacliing 

t,he target and entering the eye of the: observer is the 
same. The contrast ratio C/f 1 lmo~n~s, therefore, 

(1 - a)ArI, 

I1 
= (I-&k., 

where .I - a: is the fraction of the light, reflected by 
the target that reaches the eye of the observer with- 
out being scattered. If it wcrc not, for the fog, the 
eye would receive only the light, rrtflected from the 
t,arg;et, but because of the scattering and diffusion of 
light, by the fog, the intensity of illumination is 
uniform everywhere. 

27.1.2 ‘I’lle Extinction of Light by a Fog 

The t#ransmixsion fut:t,nr, 1 - LY, for light traveling 
a distance 1 centimeters through a fog is given by an 
expression of the gcnard forrn, 1 - a = CKz where 
K is the scattering c:ocfGcnt, par unit, distance in it 
fog. Since [from the theory of scatt3c:ring (Chapter 
21) J the effective scattering area for small drops is 
known, it is possible to caloulat~c by statistical 
methods with a fair degree of approximat,ion the 
scattering coeficient for a fog. 

Assume that, the fog consists of drops of uniform 
size, c!sc:h drop having an effective scattIering cross 
xeclion of I/N sq cm and that there are sn drops per cc. 
Imagine :L cross section of I sq cm at, right angles to 
the line of vision t,o ho dividod into N equal squares 
with area equal to tlic: cffect,ivc scatt,oring area of a 
drop. If only cmc drop is prwmt, t,lw chance that 
the center of lhis tlrop will Ii0 in auy of these small 
squares is l/N, and the prohahility t,liat t,tic: ccnt,er 
of t,hc drop will not, lie in any specified small square 
4s 1 - I/N. If thcro are n drops per cc, the probability 
that no drop will have it,s center in a specified square 
is (1 - l/N)lll. The t&d arca of squarcn pc:r sq cm in 
which the center of a drop does not lit: will be just, 
(1 - l/N)“bl. Since nl and N art: Itwgc, this cxprcts- 
sion becomes c-?~“~. 

This result does not, mran t,hat a fraction of the 
total area equal t,o e-‘“‘lN will bc unobstructnd for vi- 
sion, for there will be overlapping of drops ~110s~ 
ten ters lie in areas udjacont, to a vacant, square. In 
order to appraise the ext,cnt, of this ovrrlapping, the 
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assumption will have to be made that, the squares 
adjacent to an empty square contain the average 
number of drops randomly distributed. This cannot, 
of course, alwa.ys be the case, hut, the errors intro- 
duced will perhaps bc ati often positive: as negative, 
and the estimate will be a good first order approxi- 
r&ion. By a process of counting, tho fractional ob- 
scuration due to overlap is estimated to 1~ 0.3nZ/N 
where nZ/N is the average number of drops pel 
square. The fraction of light transmitted unscattc?rc:cl 
becomes 

This formula agrees with reported results. For ex- 
ample, it is reported that, visibility is 200 m in a 
natural fog of 0.18 g water per cu m. This would 
correspond to 7~ = 8 drops of 35 microns diameter 
per cc. Taking the effective scattering arca for the 
drop as 2ar2 (Chaptc!r 21.), nZ/N = 3. I, which ap- 
proaches the limiting value, and I - LY = 0.32(x,. 
One notices that when al/N becomes 3.33, the result 
indicates that even a square in which no centers of 
drops lie will be completely obscured. One, therefore, 
concludes that when the effective obscuring area of 
the drops present in a region is 3.33 times the actual 
area measured at right, angles to the lint of vision, the 
“visibility will he zero. 

27.1.3 The Extinction of JJight by a 
Screening Smoke 

Since l/N = a, thr: e.j’cxAve scattering urea for a 
drop, equation (3) may be written 

1 - u = (I - 0.37da)~-""' (4) 
The cxprcssion r~la represents the total effective 

scattering arca of all the dropti that lie in the line 
of sight, per unit of cross-st!c:tional area. This cxprcx- 
sion is equivalent, to, and may be replac:c:d by, t,he 
expression A %D, whcrc A is the total rtffcctive scatt,er- 
ing area pt:r unit weight of the material as dispersed, + 
and w is t,ho weight of material dispc?rscd per unit, of 
cross-sectional area. Since the expression is dimen- 
sion&, any units may be usctl as long as t,he tiarn(’ 
units arc used for A and lo; ‘II) is often expressed in 
grams per ~quarc meter. 

Thus, for Dial 55 dispersed in part,ic:lcs of optimum 
size for ncrccning smoke (about, 0%micron radius), A. 
is about 10 sq m per g. The expr(:ssion for extinction 
[equation (4)] then becomes 

1 - cy = (1 - O.*3W)e-“‘IU. (5) 

"7.1.4 Conditions Approaching Extinction 

The remarkable property of a fog or smoke of 
considerable density is that an object ei thcr appears 
visible or disappears completely, there being no ap- 
preciablc zone of partial visibility as long as the 
illumination is adequat>o. This is partially tluc to the 
sharpness of the contrast limen, but, it, is :11x0 due in 
part, to the effect of t,hc overlapping drops. The 
formula above shows that, as t,h(: exponent ap- 
proaches a valuo which is estimat,c:d to be in the 
neighborhood of 3.33, the light transmission, in&ad 
of continuing to fall off ex&~c!ntiully wit,h the in- 
creasing depth of fog penetrated, suddenly becomes 
zero. This rcsull; agrees with experience. It will not be 
possible to check this expreesion by observations of 
visibility in ntrt,ural fogs bc(:ttuse of the difficulty of 
(&mating the: exact, numbor and size of drops 
present per cubic centimeter of air, but it may be 
taken as a rctrsonably rt~liable formula. 

27.15 Variation of Visibility with 
Cnncen tration 

It has hcen assumed in the foregoing considerations 
that, the interference: of a fog with vision depends 
only upon the total number of fog part>icles per unit 
area of cross section t&t lie in the lint of vision and 
in no way upon thr: distJribution in space of these 
particles. That is t,o say, a high conccntrution along 
a short path would produce the same obscuration as 
a low concentration over a long pat,li. This nssurnp- 
tion is at least, upproximatrly correct, and it, follows 
that the limiting distance for visibility for :i given 
drop size will be given by the relation 

I 
1 ,i,-- 7 

‘n 

where n, is the number of drops per cubic: centimeter. 
In very dense fogs the visibility is likely to bo rc- 
drlced, becaust? the contrast, limen depends upon the 
total intensity of illumins.t,ion. 

27.1.6 Visibility ih ArMid Fogs; 
Smoke Screens 

The artificially produced fog cloud differs from the 
naturally occurring fog in t,hat it, may occupy only a 
relatively narrow region between the target and the 
observer, with both t,hc: target and obxcrver en tircly 
out of the: cloud. Untl(tr these circumstMlces, tlic: in- 
t,ensity of illumination may bo vc:ry different at, the 
target, and a2t thr: eyes of’ the: ohserver. T3ec:ause of 
this fact, the quantity of fog or smoke required for 
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complete obscuration is a highly vnriablr: quantity, 
and no reasonable figure can be given that, will be 
adequate under :dl conditions. 

7%: general formula for visibilit,y may be written 

All (I - a)Ar-7, - z!!E ~,-- . 
II 11 

w 

Here It iti the intensity of light on 1,hc target, and II 
t,he total intensity of light, reaching the eye of the 
observer. The contrast at the tar& is b-II, and 
AZ1 = (I - a)Ar1~ is the contrast perceived by the 
observer as diminished by the screen. AT,/I, must be 
less than 0.003 for complete obscuration. For a 
screening smoke of No1 55, I - Q: is given by oqua- 
tion (5) , 

The greatest, UFicultg lies in estimating the values 
of It and II. Before we can estimntc! values for these 
quantities, we must consider the penetration of light, 
in fog. The fraction of the total intensity t,hat pene- 
t,rates a fog without being scatterrxl is 5 far different 
quantity from the total int,cnsit,y of light that pene- 
t,rates a fog after repeated scattering. Because of t,he 
complicstcd way in which it, is scattered as a function 
of angle, and because multiple scattering occurs, it is 
not possible to calculate the penot,ration factor 
exactly, but, an approximation is given by the fol- 
lowing considerations. Tmaginc? the cloud to be made 
up of a lurgc? numbc!r of single layers of parliclcs. 
Light which is scattered by one of these laycra is 
scattered in all directions, but a major fraction of it, 
is scattered in the forward dirt!ct,ion. On the other 
hand, a certain fraction I /lc is Bcattered in the back- 
ward direction. A complete analysis of thcl problem 
shows that the total fraction of incident light, re- 
turned by ~1, Iayers is 

Hence, t)hc fraction that penetrates ~1, layers is 
k-l l-fm=-.--. 

WL+k- I (8) 

It has l~:n shown t,hat t,he equivalent, of more than 
t,hree contin,uous layers of drops is required for com- 
plcte obscuration. Estirnating a value of l/k = 1./4, 
one sees readily that the: equivalent, of three layers 
would not reduce: the pcnotration to less than orie- 
half. If the cloud is of sufficient depth and roncentra- 
tion to correspond to many layers, practically all the 
light entering a cloud most, be ret,urned to the same 
side of t8he clo~lcl which it, entered and from which it 
is now scattewtl in a hackward direction. 1’hus, a 

thic:k cloud must behave as a perfectly ,&Lte Irody, 
one which returns by diffuse reflection (scattering) 
100oi/O of t#he light which falls upon it. The uppo~ 
surface of a cumulus cloud appears a brilliant snowy 
white in the sunshine while the under side of the 
cloud may appear black because of the failure of light 
to penetrate. 

FIGU~ 1. Obscuration by a blanket, scrcer~ lo = in- 
cidcnt, light. fZ, = light scnttercd back by cloud. 
(1 - f)Zo = light rcnching tar&. 

It is possible now to set, up the expression showing 
the exact dependence of the degree of obscuration by 

a blanket screen upon the various factors. Referring 
to Figure 1, the contrast, ratio will be 

AI, (I - f)Arf & - 3u~)@‘“’ --.- = - . .,-- . 
11 

_- 
IlU 

(9) 

The greut,est amount of smoke will be required when 
both sun and observer are directly ovorheatl. Assume 
w = 0.25 g per sq m. Assuming Ar = 0. I, then Al,/Il 
= 0.0025, which is belo\z. the limen for obscuration. 
On t,he other hand, u grt:a,t,er contrast, (larger Ar) 

would not give obscuration. A Ar of 0.1 might be 
expected in an area which has been camouflagc?tl to 
give low visibility. A dark object on snow or the wake 
of a ship against quiet, water wild, on the other 
hand, give values of Ar approaching unity. 

When t,he sim and the observer are at angles Ics6 
than 90” with t,hr? horizon, t,hc\ quantity of wmokc 
rcquirc?tl will be 1~s. The effective value of ‘1c1 will be 
incrcasorl in the ratio I /sin 19, wlicr(! 19 is the angle with 
t,he horizon. The pt~nctration will hc: less for smaller 
values of 0, and in particular, if the sun and observer 
are at 180” azimuth, the value off in the denominator 
will no longer be lbc same as the value for j in the 
numerator, but will be much greater. 

At low angles for sun and observer, when t,he ob- 
servrr is facing the sun, the c:loutl behaves as if it 
were a mirror giving specular rctlcction, because of 
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the tendr:ncy toward forward scattering. The top of 
t,he cloud will then have: a brightness sttvr~al timcn 
t,hat of a perfect,ly whitjo body. 

Thus it happens that the amount, of smoke re- 
quired for obscuration by a blanket screen is grcutly 
reduced: (1) by the reduction in illumination of t,he 
t,urget, and (2) by the glare thrown back from the 
top of the cloud into the: eye of the observer. Tf the 
cloud is of small extent and high, the illuminat,ion of 
the target mill not, bc reducctl, and ttny artificial 
illumination of the tJarget at, night, for cxamplf:, will 
requirt: a larger quant,ity of smoke for obscuration. 

With curt,uin screens, the illuminat,ion of the target, 
mill not be reduced, and the second effect mentioned 
above will be present only when the observer and 
sun are on opposite sides of the scrwn. 

27.2 (:OLORlSL, SMOKE 

The theory of the scattering of light by absorbing 
or reflecting part,ir:los has not been perfected to the 
same degree as the theory for transparent particles. 
IIence, it is not possible to make positive st,atr:ment,s 
as to the variation of the eJi&ve scnlkring aTea as :L 
function of parMe six0 und wavelengt,li. Certain 
thermally stable dyes can bc vaporized to give colored 
smokes. Such smokes may show some of the char- 
act,oristics of solutions, such as fluoresnonce and 
selcative reflection. If the particlc size is too small, 

the color may not be Ihat of the original dye. For 
colored smoke signals it is satisfactory tjo product it 
particle size somewhere betjween 1 :.md 5 microns 
fliumetor. 

27.2.1 Colored Smoke Screens 

White smoke screens (transparent particles) may 
bc very conspicuous, particularly on moonlight, nights 

or over water, so Lhat they serve lo point out ths 
target rather than to concord it. It would be tlcsirable 
to product: screens of neutral or pastel tints ranging 
from blue-green to dark brown or black for lactical 
operations. I)yf?s rare ot~viously too expensive to bf: 

used in a pure state on such a scale. 

It, is evident that, the high screening efficiency per 
pound of material that is obtained with Diol 55, for 
example, is due t,o the very careful control of particle 
size, a particle being produced which has an cffectivc: 
screening Ltrea sweral times its gcometric~~l area. 
About, the only materials that can 1~ used for making 
smoke are transparent or nearly colorless materials 
such as hydrocarbon oils. Carbon is, of course, a 
cheap and available material, hut carbon smoke can- 
not, bc producctl in the: particlc size desired, and cvcn 
carbon black is a relatively expensive material. 

A few per cant of oil soluble dye dissolved in a fog 
oil will givo a smoke which in high concentrations 
shows a good deal of color. When the smoke thins 
out, to ft scrwning concentratkm, however, the co101 
f&s und the srnokc appears to be white or nearly so. 
The explanation for t,his behavior ia not difficult. 
Very littlc absorption takes plat:r: when light is 
soattered by n. particle of the optirnl~m pnrtirle size? 
for scattering, but, after repeated scatt,ering, enough 
absorption will havr: occurred to give a pronounced 
color. Tf the smoke cloud is of great dr:nsity and 
depth, all of the light, will be thrown back by rc- 
peuted scattering, and a strong color will IX: observed. 
As the aloud thins out, much of the light penetrates 
clear t,hrough the cloud, and thr light t,hut is scat- 
tercd backward has undergone only two or three 
scattcrings. The cloud now behaves as a white body 
of poor reflwting power, hut it, is scarcfdy less 
conspif:unus t8hrm if ttic dye were not present,. 
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NEW MUNITIONS FOR SMOKE AND TOXIC GASES 





Chap Ler 28 

INTRODUCTION 

T3y H. F. Johnstonc 

“X.1. OHGANlmTrON 

F AllLY IN THE PIWI’AZRATION for’ WOr’ltl War’ 11, 
A work was st,artc:tl on tlrc: tlnveloprnant of new 

methods for dispersing smoke and t,oxic: aerosols. 
Some of the first contracts srlpported 1)~ Section ~5 
of NI)IL(: wwe on t,lrrh tleveloprnt:nt of rmw smoke 
gcnerat,ors am1 improvctl munitions for dispersing 
I1M and CN. T,at,er, following the inaugrrrut,ion of an 
ext,ensivc: fic?ld testing program in which concentr:t- 
Cons of toxic gases from stlantlartl munitions were? 
measured, ant1 est~imattrs made on the mrmition re- 
quirements for various tB:~rctical sit,uat,ions am1 mete- 
ortrlogical contlit~ions, Sec:t,ion R(i w>rs requextotl to 
rrndc:&ke work on t,he irnpr~overnent, of gas munitions. 
Wlrcn t8he two sections w(tr(: reor'gatnizt:d as Division 
10, Llic munitions work wf~s c*oncent,ratc~d in 011~ cwn- 

tract at, the Univc:r*sitly of Illinois which operat,c:tl 
under &vice Projoct>s: CW8 I, “Aerosols: ‘l’hc!ir 
Germration, St:tbilization :mtl Prec:ir)it,:Lt~ion,” and 
CWS-27, “Simpk :mtl U~IISII:~ Munit,ions for S(:t,- 
ting up Ficltl C:oncerrl,r,:r,t~ions of C:hemic:nl Warfare 
Ag;ent<s.” In this set: Con t8he t,ec:hnical aspects of 
soveral new munitions and devicq which were de- 
vclloped for dispersing smoke, toxic and inst:cticidd 
aerosols, and toxic g:ts(:s, will bc discussed. 

211.2 NLW SMOKP: MUNITIONS 

Fundamental stJudies on t,lr(: ovapor:r.tion of liquids, 
c:trric:tl on in conric:c~t~ion with t,lro rievelopmont of ri(‘w 
designs of the T)lVl c:antlle and C.:N generators, led to 
suggestions of new rnc:thotls for t8he dispersal of 
ac>rosols. ‘I‘lrc:st: formed Llic bnsis of several new muni- 
tions which w(:t*(: tlevelolrctl later. It, was shown t>hat, 
extremely rapid rat,es of hont transfer could 1~: ob- 
tairmtl by finely atomizing a liquid as it, was injectc:tl 
into :I. hot gas st>rc:sm. Tlrc: atomi&ion was accorn- 
plislic(l by injcc:t,ing t,he liquid at t,lr(: throat of 8 
Vt>nturi through which hot gases wer(: passed at high 
velocit~ies. In this way, cornpl~te evaporation of r&- 
Cvcly high boiling liquids coidfl be :rc:c*omplislied 
within :I. few millist:c~ontls, so that decornposit,ion of 
heat-spnsit,ive agents was redIrc:c:tl t>o a minimum. 
Several rmw oil srnokc generators were clevcloped on 

this prirrciplr. l’hesr: ir&detl srnok(> pot,s ant1 float,s 

and a smoke generut,or to be attached to t,he exhaust 
of airplarm engines. Wit? possibilit,;v of setting up oil 
smoke clouds in this way was especially attractivr: 
because, as a substit#utr: for TIC, it, eliminutod the 
toxicity and t>he glow of the burning pyrotechnic mix- 
hrf:, botlh of which were serious handicaps t,o the 
standard pot. iluring the later stages of World War 
II, when it, was nc~essar’y to set up smoke screens of 
long duration, t>he need for the oil smoke pot, became 
particularly pressing and the work on the new de- 
velopmen tls proceeded untlor high priority. 

The lightlweiglrt, exhaust generator for airplanes 
had an output, of 40 to 50 gal of fog oil pr:r min, when 
instlalletl on t<lre single engine I ,900-hp ‘I’RM -3 planc:. 
It protl~~xx~ satisfactory smoke screens of 2 to 10 rnin 
duration under all rnc:t,eorol~,gic::Ll conditions when tlrc: 
plane was flying at :t speed of 200 knots. Tlro possi- 
bility Of using a forrmrt~ion of planes with this equip- 
rnont, for providing rapid protection of harbors and 
task forces at sea, was recognizcti as a possible cle- 
lensc: againsl lcam’k:cc.sc: attacks, and c:quipmcnt for 72 
plarms was procured during the summer of 194.5. 
Tlrcsc: planes wore not8 usctl, however, before t,lm war 
endotl. 

Tin: extensive: use of phosphorus smoke munitions 
in the Sicilian ant1 Italian campaigns resulted in an 
urgent request in the fall of 1943 for., work on the in- 
provernont, of t#lris type of smoke filling, especially 
wi t,li t,liC view of elirninating tlic pillaring character’is- 
Cc. The possibility of mecln~nic:ully reinforcing the 
filling with at,c:c:l wool, gauze and tulws had been tried 
with only partial success. The idea of incorporating 
t<lre plrosphor~~s granules in a matrix of rubber was 
t,hen suggested and this resulted in t,lrc tlevelopmont, 
of plastrcrzed wlritc: phosphorus [PWP]. Field lcst,s 
on the new smoke agent in bombs, rockets, and mort:tr 
shells were carried on during t,lrc: summer and fall of 
1914. Its superior quality finally led to its adoption 
as a st:tntlard srnokn-tilling in place of WP for all 
nonrotating projeclilea and rockets used by the Army 
C:rouncl Forces, as well as for t,lrca ,+.2-in. chemical 
rnort~ar and for the X5-in. and 4.5-in. Navy rocket,s, 
ant1 for the M-s4 7 bomb. 

The t~lrcrrnal generator met,lrod described above 
was also adapted for c:vnporut>irrg heat,-sensitive 
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organic dyf:x for new und eflicicnt, &get, itlontific:l- 
tion markers tincl flo:d,ing distress signals. This \KLY 
t,he basis of :L new t,arget, ident,ifi&ion bomb (Bomb, 
Tnrgct Ident>ific:ution, Smoke, Mark 72, Mod 2), 
dich wa,s tlf:r~~~~Ilst,r~~t,f~~l in June: 1945. A nmnt)er of 
those bombs \\‘ere m:muf~tcturf:d for Bervico t,est. 

Becauw of the possibility of f~ short nupply of 
chemicals for t#he l~f:xuchloroctl~:tne smoke mixture, 
in 1942 aI1 intensive study w:r.n ma& of possible 
substitutfx New mixtures wf’rf: tlevelopotl c:ont,aining 
Ibe anhytlrous clilorides :md complf:scs of more 
readily :Lv:tilahlf: s&s. A sulfur nitrat>f: smoke mix- 
ture was :blso devf?lopecl an11 clemonstr:~t,cd to t>lir 
Chemical Warfsrc Sfhrvice. htt~mtion wks dso givf:n 

lo a sulfur smoke generat,or built, on the thermal 
generator principlf:. A succc:ssfrd motif:1 01 t,his (If&e 
~RS f:omplet~ed in May 1943. Thf: unit, although 
quit,c! lights, hat1 only a8 small capacity, and the limita- 
Cons imposed, coupled wit>11 consitlf:r:dde improve- 
ment in the oil smoke gfxlemtors :bt Lhe samfh time, 
matic il undf:siruble to cfdnuc: wil;h the project,. 
The inl’ormation obtained, ho\vcv(*r, was vsluable in 
the clcvelopmf:rit; of the direct, combustion-type oil 
smoke: generator, such >is the Hosson-York unit,, 

wl-iif: utilizfd the Vf:nt,uri dosign. 

28.3 TOXTC: ~VAPOKS AND AEROSOLS 

While toxic: gas w:i,13 not usf:fl during World War IT, 
consideral~lf: effort, wfts spent, in developing new 
wc:Lpons for clisporsing it, in the most effectivt: mun- 

ner. With the improvement, of t,hc g;as m:tslr anti ot,her 
protective meusurcs, it was realizfd that either :bgents 
of much great,er toxicity must be fo~md, or dsf: much 

greder concentr:~Lions of Ilie known agfds must bf: 
esttiblished to be 01” value in t:dical situdons. Thf: 
due of dispf~rsing the liquifl qents :is aerosols t,o 

establish high f:oncent,rutions wRs recognized by 1~0th 
sides. The Gormuns had math: el:tbowtjc field studies 
in which they clemonetratfd the pot>f:ncy of mustard 
gas and Tnhn (MC:%) when dispersed from shells 
and bombs with est>remely heavy bursters which 
sldterod thf: f~hitrgin~s in to fine droplets, most of 
which remadricd airborne until evnporitted. The im- 
portJ:ml tactid USC of thw: weapons was meinly to 
set up high initial concentrations t,o :tchiwc casual- 

ties before protection could be gainccl. Thf: Germ:ms 
claimfd that, it single 250-kg bomb charged with 
H-arsend mixture, with a 34-U) TNT burster, coulfl 
produce a lethal arcs of 4,000 to 4,500 sq m for a 
I -min exposure. 

The grd potonf:y 01 must:d vrtpor was rccog- 
nizcd even in World War I. A mrthod l’or taking lull 
advantage of this cffrct was dcvcloped in the form 
of & them-d generat,or bomb which operitted on lhe 
Vf:riluri prinf:iple alrfxdy descrik~fxi. Yield t<ests indi- 
catccl t,hnt it was fdly possible t,o set up musturd 
vrqor ct,ncent,lat,ions which exceeded t,hr: lethal 
dosage f:ven of masked men within less t,han :L minute:, 
using cluxters of bombs iddid in size with the oil 

incenfliary bombs itnd having the sarnf? dispersion 
patt>c:rn. Tests on cave tdificrtt~ions wit>h similar tlf:- 
vices showed tliut dosng;os cordd be est~~tdislled wit,11 
a small cxpentji t,ure of munitions which cxccedecl thc~ 
best, protection of impregnatfd clothing. While thf: 
limit:~.t,ion of the small t~lierrnal genfxkor bomb 
(dcsignatletl K29RI ) w:1,s recognixcd in Lhat it> must, 
impnf:l anti rf:msin in ::l vert)ical posit,ion in 0rtif:r to 

funf:tion properly, :L htrger bomb ~8s developfd near 
t,hfb fond of World War 11 which did not have this 
rc:sLriction. 

Work similar to t,littt of’ tlif: Gf:rmuns on dispersing 
aerosols hy means of an HE hwster was :dsr~ currifd 
on by tll~ Munitions YDf~vf:loprnent~ Tdxxttory 
[MDI,]. In t#his casf:, howcvcr, t,llr size of the: bomb 
cvas intcnt~iordly made small so that, it f:ould k,f: 

rarrictl in standard clust>c:rs ftnd t,ake thcl mrtximum 
effect, 01 t,he lmreter. Tt, wtls contempl:lt,cd that, this 
bomb might, also he usctl for dispersing solut,ions 
01 insf:cticides from airplanes over enemy-held tf:rri- 
t,ory. 

Berausc of t#he considerable int,c:rf:st in the ~~cvclop- 
mf:nt of new highly toxic powders, work on :A new 
munition for dispersing these ngcrit!s was nlso carried 
on. Several ol the materials consitlcred lverf: quit8c? 
sensitivf: Lo evf:n rnoderatn tc:mperatures :d t,o f:x- 
plosivf: ~1~0~1~s;. It was dosirdde, therefore, to tind 
ot<hor means of dispersing the powders t,llim by high 
explosives. l’rcliminnry l;csts showfxl thitt good dis- 
perd could Cjf: ohtainf?fl by t,lie sudtifxi release of a 
gas ruler high pressure through thfl t&gent, compart~- 

mf:nt. This principle wfts incorpoded in :L bomb 
wliif:li used f:itlier a small cylintlcr of stir at, 4,000 lb 
pressure or R cylinder of liquid carbon diositlc. The 
gas wets rclcttsed by t>hc action of 2% mechanid fuzz:, 
or :tn explosive train. 

Work on severd miscelhmcous device :tnd muni- 
tions \va1s :tlso carried on at the MDT,. Some of these 
proved to be unsuccessful :~ntl were abandoned, while 
others were developed with the utmost flispatch but 
fdecl to be used during the war, eittior t>ecsusf: lliey 
were tlcveloped too late or becuse ncd for them did 
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not, amrise in the! later campaigns. One of t,llr: interest- airn:~Me air burst hornI>. This necessitat,ed a strltly of 
inp problems on xhkh the skff of t,he M IIL co- the fall of grxnules of the rn:~terisl through air and 
opwated, hewuse of its expwience in the dispersal t)he mtasur’emt~rit of dot;age patterns to delcrminc the 
of solid pnltick, was t>he devc?lopmr:nt of mw,nF: for most, tiesir:tl&: size of t,hc? prtrlicles and the wntainws. 
diqwrsing hertkides. It, was decided that thr: most IIere :gain, tlw sudden ending of World Wsr IT in the 
fe:t,eil)ln met#hotl of dispwsal was by means of an Pacific: made IIS(: of this weapon unnecwsftry. 



Chapter 29 

ATOMIZATION OF LIQUIlX 

By H. P. Johstww 

29.J I NTROL)UC’l’lO N 

T HIP: EIWECTIVI+:NE~~~M of many liquid agc:nLti uwd in 
~~rfa7~: clepnnds upon at,omizaltion to prodim 

small tlroplct,s. This is I;rue not only of chemical 
agents, but, also of smokes a,rrd insocticirios and clven 
applies to liquids rlsetl in 0thPr ways, sirrc(h a~tomiea- 
tiori is necessary for r:arburt:tion :md ctmbustion of 
fuels. The degree of :ttomizat,ion tlesircd clepcnds 
11por1 the nat)ure of t#ht: agent, and the: IMP Ia which it> 
is being put. In t>he gnncration of oil smokes, for in- 
stance, it was found thatI the optirarlm drop size for 
maximum obscuration is c:onsitlorabl~y below the 
range: :tt,t,ainablc by mcchar&al atomization. Consc- 
qumtly, it, was necessary t80 evaporate the oil corn- 
pletcly arid to product: the tllopletJs by c:ondensatIiori 
following discharge of the vapor into the air. The: 
evaporation of oil by heat, t,ransfcr from hot, gases 
takw placr moxl rapidly when the: liquid is :~t~omizc:cl 

as complctcly as possiI)le. On t,he other hand, in t,h(: 
applicatioll of insectic:ides it was fount1 t>hat the drop 
size ua:f~d for screening smokes is entirely t,oo small 
to give eficic:ntI results. The optimum size occ7rrs 
when t>hc particles are just sm41 eno77gh to be dis- 
persed by the wind ant1 stIill producr: the maximrun 
c:ont,:& eficct on ins&x as well as give an &Gent, 
covcruge when t,lrey are tl~positctl on foliage: and 
wat,cr surf:r.c+ea. The oplimum drop size for this pur- 
pose appears to lie I)(:t,wef:rr IO and 50 microns 
diamcxler. 

In t,hc: tlispcrsal of Ihe vceicant chemical cvarfar~ 
gases th so-wiled persist& effwt,s for t,he denial ol 
t,c:rrain and c~ont,aminrtt,iorr of pc:raormcl iarc best, ob- 
tained when the drops arc fairly large, i.c., wilhin 
the rnnge of 1 t,o 5 mm tliamt:tcr’, I37rring Ihe war, 
the pc?rfection of the gas mask and dew:lopmt:nt of 
prot,nc:Cve clothing shifted the emphasis t80 ot8her 
t:tctiwl uses of thcee agpnt,s which depcnderl uporl 

surprixc and Lhe sr:l,ting up of high concc~rrl,~ations of 
vapor anti aerosols Which would produce lrthal 
dosages before the protcctiorr of the mask c071ld b71 
gainctl. Muc:l~ sttcntion was given to mec:hanic:ul :antl 
thermal methods of dispersing mustnrd gas ant1 oth(:r 
vesicmnt agont,s as aerosols. The: atIomizatJion of liquid 
agerrt>s by high explosives was the princ*ipal method 

adopted for the dispersal of these :tgente by the 
Germans. 

Tn (his c:l@c:r a rc:view will hc: made of the princi- 
ples of atomization on t,he basis of present knowledge. 
Theat: have: led t,o t,hc: devclopmcnt of several new 
chtmical and smokt~ rnrmitJions. 

“9.2 ATOM I %A’I’l ON BY NWL%Lb:S 

~0.2 :I Mechanism of Drnplet b’ormation 

‘l’he basic mechanism of’ the: formation of finely 
tiividetl drops consists of drawing out, the liquid into 
slander streams or filaments. Srrch filaments arc un- 

stable a,rid any slight displact:mentI cairses them to 
contract, in sorne places and c:xpand in oth(:rs so that 
c:ven tually they ~~llapsc: intJo droplcls. High-speed 
photographic: studies show clearly t>he formation and 
disruption of the lilamrnts in a manner which de- 
pcnds on the air v&city. At low vc:loritic:s, the rela- 
tive motion betwchen the air and the liqrrid &earn 
prorhlces :L bead-likn swelling ant1 cont,raction wit,11 
cont~in7lously increasing arnplit7.rde until the liquicl 
jet finally tweaks up into separatr: drops. As the veloc- 
ity of the air is irr6:reascd somewhat, it fluttering 

af.Aion of Ilie jcl begins, forming a twisted ribbon of 
liquid. A portJion of the ribbon is caught up by the 
air st,rc:am and, b(:ing anchored at, the other cncl by 
surface tension, is draF\-n out irrf,o a 7%~: ligament. This 
ligament is quickly cut, off by i,he ra,pid growth ol’ a 
tiont in its sinhn and t,lle wpur’atotl mass is swiftly 
drawn up intIn spheriwl drops. AL still higher air 
velocities, t,lreyn is a flattening action of the twisted 
ribbon t,o form a cobweb-like film which in so thin 
Ihat, it is readily torn apart into microdroplots. 

There is some evitlencc? that, there is a minimum 
avoruge drop size att:tinnhle in the st,omiz:Aiori of a 
liquid by air.’ Saut,er 2 measured by photometric 
mrxns the size of the drops formed when water is 
atomizetl in an air stream, and found that, HI; hi& aip 
speeds, t>lle mwn ditm~etcr approaches asymptotically 
a value of :tboi~t 12 microns at air velocities of 3.30 to 
100 fps. The idea of :L limiting tlegrec: ol atomization 
of liquids in. air, however, is opposed t)y Idittayc.” In 
<my cast:, it is &dcnt~ that,, frorn a, practical point of 
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view, it, is very difficult to secure compL:tJc? atomiz:.l.- 
tion to the srbmicron rangr:. It, is t,ruc t,hat a large: 
percentage of the drops from :1n atomizing nozzh: 
may exist in t,his range: but the act& percent,age of 
the mass of t,he liquid l~~~low I micron is very small. 
This r,on(:Iusion, which is based on the amount of 
energy rquirecl tn provide a high-velocity air stream 
with Isrgc> ratio t#o tllc: liquid rate, indicates that, no 
air atomizing nozzle can be perfected which will 
efficiently produce a scorc>c?ning smokn from a non- 
volatile liquid. 

20.2 2 Types of Nozzles 

Spraying dpvic:c:s may hc c:Iassified as pneumatic*, 
hydraulic tand mc:c:hanical, according to tJlic! prinriplc 
employed in cff(:c:t,ing t,he dispersion of the liqrricl. 
Tl~sc: types differ (:hnracterist,ically in tlhe degrer 
and uniformit,y of t,he dispersion pr.odr~c:c:ti and in 
t,lieir industrial applications. 

1. Pneumatic nozzles in wliicli conipressctl air or 
steam is used to c+foct at~omiz:i~tion arc c::tpa,ble 01 
producing t,he finest, dispersion. They are commonly 
used for paint spraying, humidific::r.tion of gasc:n and 
at,omizat,ion of oil for burning. Industrial pncnm~~tJic 
nozzles :.~,rc classified as internal mixing and c:xt8wd 
mixing, according to t,h(: relative: positions of the 
liquid and gas jets. A nozzle is drstbril,ed as rtxt,cxrnnl 
mixing if 111~ contact, l)ct;wt:en the fluid and tlic: gas 
takes &co c:rit,irely o\itZsid(: the nozzle, and ititr>rri:bl 
mixing if tha contact, oc(:urs wit,hin a c:haml,er from 
which t,he spray cxit,s tJhrough an orifice. 

2. Hydraulic nozzl~~s are availal)lc in a varic:tJy of 
forms and sizes. Thr most8 common is the so-called 
hollow-c:onc nozzle in which t#hc liquid is led int80 a 
whirl chamber through tJanger&l passages or through 
a Gxctl spiral so t#llat, it, acquires a rapid lot,at,ion. In 
either (:a~, the liquid emerges through a relatJively 
large or&c: which in pl~:d at, the axk of the whirl 
chamber. 1‘11~ basic principle is that8 of impnrt,ing 
angular motSion to t,he liquid which causes it, t)o I)(: 
thrown out, 3s a t,hin hollow cone moving at, a high 
veloc:itJy. The relnt#ivt: volume of air which is engaged 
for al,omization depcntls upon the: angle 01 111~ cone 
and I,h(! design of tlic: orifice. Tlic:sc~ nozzles a~‘(’ char- 
:bc:t,c:rized by low power cotisirmptJion and ltugc cnpnc- 
ity, but, the atomizutJion obtainr:tl is relatively poor, 
c*ompsred with air-atomizing nozzles, rrnl~ss ex- 
tremcly high pressures are u~(:d. In one form of 
hydraulic nozzle t,llc: liquid, rmtl~ high prwsure, is 
forc:c:tl t,hrough a very small orifict: or slit. This t,ype 

of nozzle: has found some applirut,ion in dbsel engine 
fuel inj(!ction. Anothc:r t>ype of hydraulic nozzle 
which is usc~l for special purposes and npparenlly 
givca good ut,omization, blt still somc:what, less than 
t,hc pneumatic: nozzle, is the impact nozzle. H(:re, a 
solid stream of liquid under pressure is caused to 
strike a solid surface or another similar st,rc!am to 
give! the ner*ossary dispersion. 

3. Mechanical nozzles arc used when the liquid t,o 
IX: aLtomixed has a high viscosit,y or cftrk!n suspcndetl 
part,icles whiclh may clog a small or&o. Rt80mization 
is obtained by discharging 11-1~: liquid onto a disk ro- 
tJating at high speed. The centrifugal force: hurls tlm 
liquid int,o t,he air, tJhus providing the velocity neces- 
sary to produce alomization. These devbes liavt: 
found ext,cnsive use in tipray drying. 

2!3.2.3 Pcrformancc of heuniatic .Nozzles 

In spite of 1Jic importance: of the drgree of atomiza- 
tJion obtained from commercial nozzles, there have 
heen actually very few measurements made of the 
drop size distJrihut,ion in a spray pat,tCrn. Few nozzh: 
mnn&ctJurers arc in posit,ion to report, the actual 
tlcgrcc: of fineness produced by their protlucts. Possi- 
bly the reason for this is t,he difficulty in collecting 
r.c:Prc:s(:rlt,ative samples of the: droplets from the spray, 
and ia measuring t,h(! actual di:Lmet,ers aft,c:r the drop- 
lets ttr~ collected. Some of t)hc &dies reported have 
used obviously imprlrt&t methods which have led to 
erroneorls conclusions regarding nozzle pcrformnnce. 
The mosl complete slutly in this interesting field was 
matlc by two Japanese engineers, S. Nu kiyxma and 
Y. Tannsawa 4 at> Tokyo Imperial Univtrsity. This 
work led t,o t,wo empirical correlations on the drop 
size: distril)ut,ion and pc:rformanco of pneumalic: 
nozzles. Thest: have servctl as a basis for a more 
extc:ntled study made at thp Munitions J>c:velopment 
Ltthoratory in which it was found tllal the same 
methods of correlai,ion corlltl bc used for large es- 
haust, a1omizers, airplane sprays, and, in a limited 
way, to explosive bw~t~s.~ 

Nukiyama and Tanasawa st,utlied the: ::~t,omization 
of several liquids of varying physical properties with 
small gas atomizing nozzles of various t,ypos operatecl 
with comprc:ssecI a&. Tllc?,y collected samples of tllc: 
spray droplets from several pointIs in t,l~ spray hy 
IPWH.I~H of a cylindrical xhu t>t,c:r device which gave an 
c:xposure timr, of 0.002 lo 0.01 sec. Tlic drops were 
rwcived on a cover glass coated with :h film of oil 
which was then photographed under :I microscope 
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so that the sizt: distribution could bc measured. The 
following f:~Lors influenced the tlcgree of at>omixa- 
tion. 

I. The effect, of t,h(: relative velocity of the: air past 
t,he droplets. 

2. The effwt of the physicd properties of the 
liquid, including surface tJc:nsion, visconity ant1 
don&y. 

3. The (Sect, of 11~ relat<ivc: quuntit,y of air cx- 
pressed by Lhe ratio of the volume of air to the volumr 
of liquid. 

Within a limitecl r’anffc td t,hese variables, that, is, 
for dcnnities bclween 6.X uncl 1.2, surface tcnxions 
between 30 and 73 dynes per cm, viscosities between 
0.01 and 0.3 poises, and for air velocities 1x10~ t,he: 
acountic velocity, the following empirical c:c4~latJion 
reprosents the degree of :~lomization : 

U= 

(;Za/Wr, = 

P= 

I*= 

fl= 

diameter, in microns, of a single drop 
with the name ratio of surface: Lo volume 
as a reprosentativa sample of the drops 
in the spray; 

difC?rcnce in velocity between air and 
liquid at the vmu mntracla, in meters 
per second; 

volume flow r:kt,e of air/volume flow rate 
of liquid; 

liquid den&y, grams per cubic: centi- 
mctcr; 

liquid viscosity, poises; 

liquid surface t,ension, dynes per centi- 
meter. 

t>ion, which i# obtained at low air velocities and low 
air/liquid ralios, the value of q dccm~se~ to x to 96, 
1,111; p appcurs to remain constant. 

The significance of the conr;tanLs 11 and b in cqrla- 
tion (2) is of interest. ‘I’hcse relationships follow from 
the fact that by definiLion, 

s 

<I) 
.cJdn 

0,) = - Ofm- * 

S 
(a 

2% 
0 

If p, y, DC,, ad tho total valumc: of sample under con- 
sideration (or the tot,al number of drops) are known, 
the integration can bc carried out, arltl the constants 
a and b tletermincd. The r&tionships among 
u, b, ‘I, Do, and the: total volumc~ of sample are shown 
in Tnblc 1 for the (xse when ;r) = 2. If l/q is an intc- 

TABLE I. Rcln~tionship bctIwccn q, a, b, V, and L)“, 
whcm p = 2. 

_-. .~ -- -- 
n, RS n a a8 H ftrnction 

P function 0C b of h rind V’ 

2 1.50/v% 1.9lh”V 
1 5/h I.59 X lO+b”V 
1. 2 110/b’ 2.3!> x IO-WV 

$ 4,080/6~ 1.79 x lo-‘WV 
: 213,000/b’ 1.84 x lO-W”V 
t 14,31)0,00O/b~ 5.32 X 10-a26mV 

Gcner~! case when 
1 170,000,000/h” 
(A/p)! 

3.08 X JO -41WT’ 
(5/q)I x y’r xl) us v - 

I /q is an integer (fv!l)!~ -.. ._ .- I- 
;b V = lotnl volurnr of aamrdr in cubic mivronr. 

gcr, the calculations may be performed by t,hc ;~sual 
methods of calculrrs and an ordinary integral table; 
but, Lhe labor is considerably ICHR if a table of gamma 
functions is utilized. Tf l/y is not an integer, the use 

The distribution of’ the drop sizes in a spray can be of table of gamma functions is advisable. 
represented by a relatively simple empirical formula The value of p is a measure of the flatness of the 
of the type: drop di&ribution curve. If p = 2, the curve has B 

dn 
22; 

= &jy~e-tAtq (2> 
relatively high and narrow nprx. AR ry decreases, the 

9 peak of the curve becomes 1ow1:r and flatter. Ac- 

where x = drop diameter, in microns; cordingly, a high value of q means that meet, of the 

n = total number of drops in the sample with 
mass of the? liquid lies within a narrow range of 

diameters between zero and x microns; 
sizes, whereas a low value of 9 corresponds to a 

U, b, p, and p are constants. 
scattering of the drops over a considerable range of 
sizes. The volume frequency CIWCA for three values 

Nukiyama and Tanasawa found that when the of q are shown on a comparable basis in IGgure 1. 
velocity and the quantity of the air wcrc both high The corresponding cumulative volume cwwx are 
and sufficient, i.e., velocities dove 450 fpn and for shown in Figure 2. For arly given nozzle, it, appears 
air/liquid ratios grouter than 5,000, the: values of the that q is constant over a wide range of operating 
constants were p = 2 and 4 = 1. I’or poor atomiza- conditions. However, r/ is affected markctl1.y 1,~ the 
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type and size of the atomizing drvice IIRC~. lIencc: it8s 
value: must 1~: det8erminetl exporimentrtlly for ctl,c;h 
type arid size. Values thus far encoun terctl range from 
> :;’ to 1 for gas-at80miaing nozxhbx :md from ,14 to 2 
for spray nozzles. 

For som(: purpos(:s, it, is of more int,c:rest to know 
the? mass rrwlian diameter [MM~] of the droplnts in 
:L spray t,h:~,n it is to know D,,. If the drop siac tlistri- 
l)ut,ion in :L spray fits the cmpiricd equation for 
&/cIx, and if p = 2, ::ind l/y is an intScgc!r, it can be 
shown matl~c:m,zt~ic~tlly that the: ratio of t,he MM11 to 
DO depends only on l;li~ value of q, 

(4 

whc!re 1’ is found hy t8ria1-and-error soWion of t<h(: 
equation following. 

F=RA 
I 
-= e 
2 

-1’ .g $ 

I I II I/ 

PER CENT OF CHARACTERISTIC DIAMETER 0. 

If 91 = 2, thori the equ:ttion for drop size tliatribIl- 
tion (::m he w&en ns follows: 

1 dn 
log - 

( > s” ri:r 
z!!!r log (J - of! . 

2.3 C(j) 

If suUicientJly small intJerv& are used in the drop 
(wuntt, a plot, of log ( I /.x:%j (AS/AX) ugainst, X” sh~ultl 
give 3, straight lint: witJh slope eyuul t,o - h/2.3. This 
rel:~~tionsl+ makes it, easy to test experimental clttt:k 
to see if they fit, 11~ empirical eyru~lion, since tllcb 
distJrihution cIxt#:t flrc normally available in terms of 
An,,, the number of drops in LL small siat! range, As, :~t 
various values of x. V:lrious valuc?s of y are assumed, 
and for en& value, tt plot is made of log (I/xX) 
(ATL/AY) vs $9. The correct value of Q is the one that 
gives :L straight line plot The value of b is obtaint!d 
from the slope: of the straight line. From the values 
of q and h, one CRIB then culculate D,, through use of 
the second collunn in T&h: I. Examples of the IW 
of t,his method for various t,.vp~s of ~mzzlcs are shown 
in Figurr:s 3, 4, ~ntl 5. 

lt, mill be noted that, in some cases, dcviat#ions of 
some of the obscrvetl point,ti from t11(\ straight lines 
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J?I~URE 3. Fcrforwanco of cxhnmt Vcnt>uri abnizer 
on l)odge truck dispersing lXol 55 oil. 

occur in both t,he low and high rangclr of drop sizes. 
These are to he expected since, with the usual 
methods of sampling, it, is difbcult to collect the: very 
small drops and, unlone an extremely large number of 
droplots is counted, a ntatistkally significant, number 
of large drops is not, included in the area of the slid{: 
surveyed. In fact, this is one of the udvant>iges of 
this method of analyzing drop count data since it, is 
usually possible to determine the value of q and the 
slope of the lint from :t relatively few points dcter- 
mined by counting the number of drops in small 
increments of diameter. For representative samples 
of sprays which arc relatively homogeneous, the 
valucn of Ilo and MMD detcrminetl from t,ho &ove 
formulas will agree quite cloncly with those ohttiined 
by summing up the actual drop counts. Il‘or less 
homogeneollx sprays, however, when r/ is small, the 
value of DU may actually exaccd the tliametar of the 
largest drop measured if only a small number of 
drops is counted. In this cast: the graphical method 

3YI!i!l D.= 20 MICRONS 

permits extrapolation of the data, and gives a more 
exact picture of the drop spect~rum. The value of p 
cannot b(: determined precisely 1)~ the trial-and-error 
method hut this is of no great importance. Smell 
errors in the dfttrrmination of the slope of the line, 
however, may cause large dnviations in the calcrr- 
lated value of D,, and the mathod of least, squares 
&ould be used to tlcterminr t,he bnst line. 

29 2.4 .Vcnturi Atomizer 

Thr: air for most industrial pneurn:ti,ic nozzles is 
supplied at pressurcn ranging from 20 Lo 150 psi and 
the liquid is supplied under only a s~nall head. In 
spite of the large volume of air re.quirotl and the low 
energy efficiency of these nozzles, the power roquire- 
merit, generally is not exccesive for industrial pur- 
poson. In munitJione, which are usually limited to a 
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firnull supply of gas from a pyrotechnic fuel block 
at low pressures, or when the exhaust gases from an 
airplane mgine or the slipstream around a piano are 
c:mplo.ycd for at,omization, it in exscntliad that the 
gas pressure be low. 

A practical device for providing high gas velocity 
and still maintaining low overall prcssrlre drop is 
the familiar Venturi tube, consisting of a converging 
section, a high velocit,.y throat, and a tapcrcd diver- 
gent xc&ion. The important, olcment is the divcr- 
ging s&ion which shorrlcl not, have a t&i1 anglo of 
more than 7”, while the converging section is Ihe 
fru&um of a cone with a vertex an& of 25 to 30°. 
The use of the Venturi tube to secure a zone of high 
v&city largely avoids the substantial loss of kinetic 
r:nergy occasioned when t,he jet from a simple nozxlc 
or orificc discharges downstream into a slowly mov- 
ing fluid. The pressure difference between the up- 
stream and the throat of the Vent,uri may be cal- 
culated from the usual adiabatic orifice formula.” 
The overall pressure loss for a single-phanc fluid, 
gas, or liquid, is from IO to 20(x, of this difference. 
Design calculations for a Venturi used for the atomi- 
zation of oil by moans of the exhaust gases from a11 

airplane engine are shown in Chapter 33. 11 will be 
swm that, it, is possible to approach the acouslic 
v&city in t>hc Venturi throat, and still have an over- 
all pressure loss of only a f(!w pounds per square inch. 
This loss is perhaps increased by a fu&r of 1.5 to 3 
when liquid is fed to t,hr: Venturi throat during atomi- 
zation tlcpending on the ratio of liquid to gas and 
on the gas velo&y. 

The Venturi atomizer is cspccially adapt~able to Ihe 
production of small droplet,s for high rat,(:s of evapora- 
tion in hot, gases. Even with viscous oils it is possible 
to produce :I spray in which essentially all of the 
droplets are ICMS than 100 microns diameter and the 
value of n, is approximately 40. This will corrcq)ond 
to about, (j,OOO sq ft, per gal of liquid fed to the 
atomizer. This type of pneumatic: :Ltomixer is espc:- 
cially suit,able for the: dispersal of insecticides, since: 
the exhaust gases from an internal combustion engine 
are rctadily availahlc either for airplaric spray or 
ground spray. The greatest use of t>he Vcntur’i 
atomizer for war pu~poscs, however, was conl,em- 
plated in tlic? development, of a new floating oil 
srnokc generator and in munitions for tlrc dispersal 
of v&cant1 gases, both of which depentlcd upon the 
vaporization of a liquid b.y means of hot, gases from 
a pyrotechnic: fuel block. 

A brief study was made of the performance of 

Venturi atomizers in various sizes ranging in throat, 
diameter from 0. I I in. to 3.3 in., and using gases of 
various densiCes and viscosities and sc:v~~ral types ol 
liyuids.7 For t,he small Venturis the atomization of oil 
in a strcurn of nitrogen wan somewhat, Mter t,lran 
that, indicated by equat,ion (1). %rc:c neither t,he 
viscosit,y nor the density of the gas is included in this 
equation, it, was desirable to dctc:rrnine what, rffect, 
these proper%ies wmld hava on the resulting atorniza- 
tion. l’rom expc:rirnent,s using ethyleno and helium, 
it was formd that a decrease of gas viscosity at, con- 
st>ant, gas density improved t,he at,ornization of the 
liquid. A viscosity decrcuse of approximat~~ly 60 %, 
result,cd in a tlr:c:rease in D,, of about CiOl$& On the 
other hand, a decreasa in gas densit,y at constant gas 
viscosity had an unfavorable effect on the atomizn- 
tion of the liquid. When the cL?rr&y was rcclucetl t,o 
I$ by substituting hc:lium for nitrogen the: value of 
;I, was increased by 8 factor of 2 to 3. 

In t,he cast: of the small Venturi at,omizcr, it was 
found that incomplete atomization of t,he liquid 
sometimes took place and rosultecl in dribbling of the 
liquid from the exit; of the aLornizer. l’hip appesrrd 
to be a wall effect, occasioned by tlic irnpingcment, 
of the droplets on the downstream s;c!ct,ion. It, could 
be eliminat)ed c&rely by cutting off the Venturi so 
that the exit diameter was not) greater than t,wice 
the t,hroat diamet>c:r. 

For the: large Venturis the agreement, hetwecn the 
observtltl drop sizes and those prctlicted by the 
empirical equation or’ Nukiyama and Tanasacva was 
surprisingly good. In all cases for Ihe Venturi atomi- 
znrs opera&g at high gas velocities, the value of’ 
q was 1. This indicated t,hat t>hc atornizatlion was good 
and t#hat, a rrUively iuiiform drop spectrum was ob- 
tained. JGgure 3 shows the correlation of the data for 
ttic atomi&,ion of IX01 55 oil in a Venturi a,tt,ac:hed 
to a Dodge t,ruclr engine. Althollgh sampling of the 
a(?rosol from airplane dispersal using t>he Vc&uri. 
atomizer was somtbwhat more difficult than for 
ground dispersal, s~u*prisingly good agreement with 
the predicted drop sizes was also ol)t,ained when the 
drop count data from stationary and waved slitlrs 
wt?rc analyzed by means 0r equation (2). 

In this work several types of nozzles were used to 
introduce the liquid into the Vent>uri throat. ‘l’hesc: 
inch&d low-velocity jets which allowed the liquid 
to run along thr wall of the V(:nt,uri t,hroat, coarse 
spray ~~ozelcs which gave an initial break-up to the 
liquid, and a concentric: axial spray jet. No particular 
difference was ~ot~nti in the pc:rfor’mariac of the Ven- 
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turi atomizers using those types of injectors, although 
in practice it, is better to usc large-tliarnetor liquid 
jets so as to avoid clogging and t,he disadvantage of 
high liquid prossure. As long as the liquid jet dis- 
charges int,o the: throat, the angle of flow does not, 
seem to make much difforencc. 

29.2.5 Performance of .Hydraulic Nozzles 

The few complete measurements on drop sizes from 
commercial hydraulic nozzles which have hean re- 
ported by Houghton 8 huvo been analyzed by means 
of equation (2). The results are shown in Figure 5. 
The data follow straight lines which converge at a 
point when the exponent 4 is $6. From the slope of the 
lines the characteristJic drop diarnoter is found to 
vary from 130 to 1,100 microns. It, is apparent there- 
fore that this type of atomizing nozzle gives a rela- 
tively inhomogeneous coarst: spray. The only data on 
finc: sprays wh& huvc been analyzctl by this method 
are those by Lee tl who measured the atomization of 
fuel oil through noazlcs wit,11 very small orifices at 
pressures up to 5,700 psi. The variables studied were? 
the cffocts of oil pressure, air donsit,y, noazlc design, 
orifice diameter, and the ratio of orifice diarnoter t,o 
orifice length. It, was found that, the degree and uni- 
formit,y of atomization were favored by increasing 
the oil pressure and decreasing the orifice diameter, 
and were insensitive to air density and rat,io of orifice 
length to diameter. With a given oil prossure and 
orifice dittmcter, modifications of the details of the 
nozzle construct,ion appeared to have no effect, on 
the average diameter of the spray, but did affect t,he 
uniformity of drop distribution. Analysis of the dat,a 
from a typical series of runs shows the srlrprisingly 
high value of 2 for the cxponont p in equation (2). 
Values of n0 varied from I22 microns at> $50 psi to 70 
microns at 5,700 psi. 

An att,i:mpt, was made t,o correlate lhcse results 
with equation (I) so that the performance of hydraulic 
nozzles cor~ltl be predicted. In order to do t,his, it was 
necessary to estimate the int,erfaciul velocity of the 
liquid leaving the nozzle and the relative volume of 
air effective in the atomization. Hecauec of the: 
limit4 amount of data, the correlations are only 
roughly quantit,ative. They arc based on two assump- 
tions: (I) the voIocitNy at, which t&he conical sheet of 
liquid formed hy the nozzle leaves the orifice is given 
by Bernoulli’s equation, i.e., ZJ = 3.721/P/p,, where 
D is t,he vclocit#y of the sheet in meters per second, P is 
the pressure on the nozzle in pounds pc:r sqllart! inch 

gauge, mti p1 is the! density of the liquid in grams pot 
cubic cr!ntimctc?r. The value of v estimated in this 
manner ma-y br: used for the velocity t,errn in equu- 
tion (1) ; (2) the eflective unlue of &<,, when applied to 
interaction between stagnant air and a high-speed 
sheet, of liquid issuing from a spray nozzle, is propor- 
tional to t,he surface of the sheet and the rate at which 
it is travel&g. This is equivalent to saying that 
&<‘ = cddP/ - ~1, wherr: d is the orifice diumc!ter in 
inches mtl c is a constant,. Tf QL and Q, are expressed 
in gallons per minute, the value of c for FIought,on’s 
data appears to be about, 85 ~mtl for Lee’s clat,a ap- 
proximat,oly ci,fiOO. The wide discrepancy in these 
two values indicates the greatly difierent, atomizing 
efficiencies of different types of hydraulic: nozzles, but 
correlation with the design of t,hc nozzle has not, been 
attempt4 . 

29.2.6 Altcmpt to Produce Screening 
Smokes by Mechanical Atomization 

Early in the war it was suggested that artificial 
fogs could be produced by atomizing solutions or 
suspensions of nonvolatile materials in wut,er. Favor- 
able results were obtained in laboratory osperiments 
using solut,ions of sodium chloride and ot,her salts 
and suspensions of bentonite clay in wat,or.lO It was 
also proposed that, the refuse from t,hc beet sugar 
indust,ry, known as SteJm’s m~~as~e, could be dispersed 
through pneumatic nozzles t,o set up artificial fogs for 
the protection of large industrial ar(?as.ll’ I2 Various 
types of spray noazlcs were c:valuut,c!tl, first according 
to the: persistence of the suspension formed by spray- 
ing solutions of various conccnt,rations into LL large 
room, and second, on the? basis of the power consumed 
in sprLtying,l", 14 It, was possibla to produce artificial 
fogs roughly equivalent t,o natllrsl fogs, with visibility 
noticeably imp&rod at a distance of 20 ft in the 
laboratory when the concentration of mc gram of 
sodium chloride per cubic metIer existed. V&h the 
best, hydraulic nozzles, however, not more than 2”/;, 
of t,lie total solvent, sprayyod at nozzle pressures up to 
5,000 psi remained suspendorl in the: air longer than 
five rnin.lj While no measrlrcments of the drop sizes 
were roporterl, this observation alone indicates a half- 
life of about one min, for which it cm be shown that 
the MMD of the in&,1 cloud was l)et,ween 20 and 
30 microns.” 

a Tlw half-life of n, coarse MWM~ clnud dispcrscd in :I 
clotied rnoru is R convenient method of menswing the MMD. 
See b’ignrc 2 in Chtipter 35.“” 
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The most, promising noxzlcn from the standpoint3 
of fog production were the pneumatic types furnished 
by the Spraying Systems Company and the: Binks 
Manufacturing Company, and the oil burner Nozzle 
Sh-0 of the National Airoil Burner Company. Fogs 
produced by these humidifying nozzles in the labora- 
tory had a half-life of from G to 15 min, corresponding 
to MMD’s of 5 to 10 microns. The hcst oporetion was 
obt;ained with the nozzles operating on compresst:d 
air at 50 to W psi at, which t,he consumption of air 
was 165 cu ft per gal of liquid sprayed. 

The futility of trying to produce scracning smokes 
by mechanical atomization should be apparent on the 
bCs of the proceding discussion. It is evident, tdlat, 
oven if a(?rosols with MMD’s of 5 microns could be 
produced IJY the use of large quuntlitic:s of air for 
at,omization, less than I Of%, of the mass of the liquid 
would bo below 2 microns, according to the muves 
in Figure 2. Even if dilute solut,ions were used, only 
the droplets of this size would evaporate to leave 
residues suficicntly small to produce light, scattering. 
The whole process, tharefore, is extremely inofficientj 
and there is no possibility that mechanical atomis:&- 
tion of this type could be used for the formation of 
screening smokes:. 

29.3 ATOMIZATION IN A.TKPLANK 
SPRAYS 

Rirc:raf’t may be used for the dispersal of smoke, 
insecticides, and v&cant, agents by t#he tlischargc of 
the: liquid into tht! slipstrcum. The degree: of atomiza- 
tion depends upon the speed of t,he plane and the 
properties of the liquid. For TW smoke, it is desirable 
to utomim: the liquid as completc:ly as possible so that, 
vaporization of the sulfur trioside will takr: place! 
readily as the drop falls through t,he air. The desirable 
limits of atomization for insecticides have alrc::dy 
?.>een mentioned. The problem in the tlisperd of 
vesicunt agents, however, is I,0 prevcni fine atomiza- 
Con from taking place so t,llat tho tlrops will remain 
of sufficient size to proclucc: casualties. This problem 
has been thoroughly studictl, and numerous measure- 
merits hsvc: been made on the drop-dispersal spec- 
trum from thickened and unthickened liquids. It is 
br:yond t>hc scope of this chapter. t>o discuss l,he dc- 
tails of this work since it, is treated elscwherc: in this 
series. Thin report will I-,(: concc:rned only with the: 
mc?chanism of break-up and m&hods of increasing 
the efficienc:y of atomization whr:n desired.*7 

The problem of break-up of liquids in an aircraft 

spray has been studied mathematically by the 
Britlish.‘HT ly The study of ripples on a liquid surface 
over which a steady stream of air is flowing sl~ows 
that ripples of certain wavelengths are hydrodynami- 
cally unstable and grow rapidly in amplitude. An 
approximate theory of break-up was developed by 
correlating the wavelt:ngths of the most unstable 
ripple with the diamet,or of the most, frcq7len t drt~p in 
the drop spectrum. This lot1 to the conclusion that, 
the rn~in drop will have dimensions proportional to 
p%u-%ul/k where p is the viecosity of the liqiid, u is 
the surface tonsion, and II is the velocity of the air in 
the slipstream. Elaboration of this theory predicted 
drop-size tlintribut,ions whi(:h were in fair agreement 
with those found experimentally. ‘I‘hc: theory was 
tested for a range of values of p ant1 v. A change in e, 
gave a variation in drop sizes which was in satie- 
factory agretmen t, with the Gieory, but there: was IWn 
satisfactory agreomont with the ros7As in which p 
WLS varied. These tL:viat,ions may have been due to 
t,hc oxistencc: of a tough surface film wit,h the r&her 
grls used for increasing the: viscosit>y. This would in 
:I wise give: a ver.y large increasf: in g, and may ac- 
count for the results &h the thic:kened agents. 

39.3.1 Dcsip of a Venturi Air Scoop 
for Atomization 

Several atternpt,s have becxi made, 11y using a Von- 
turi scoop, to increase the vr:looity of the air at t,ho 
point at, which the liquid is tlischargctl, above that, of 
the spc:cd of the aircraft. The designs of suilabln de- 
vices have been empirical for the most part,, but, they 
have been suwessful when used on :t small scab. The 
problem of designing a large Venturi air ncoop arose 
in connectlion with dispersing insccticidc solutions at 
a high ilowrate from t,h(: B-25 medium hombor, which 
has only :.I modorate speed. Tkmusc~ of the quantity 
of liquid to be tdomiztd and the Mel tl-mt; it WBS 
neccsmry to secure as small droplets as possible, the 
six{: of the air scoop lxx:ame quite large:. Approximate 
design calculations were bnsc:tl on mcohanical enorgy 
b&nces making allowances for the mxolrration of 
the injected liqllicl” and the: friction of tjhe scoop. 
C>al(:rllations were made for a speed of the aircraft of 
300 fps (205 mph) :mcl throat vc:locit,ieti of CiOO and 
900 fps. The offrct of frict,ion loss in the Venturi itself 
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was taken atI 0, 10, 20, and 30 “/ci of the difference in 
head betwocn the rrpAream and throat xc&on to 
show thp tlqree of care needed in the fabrication of 
tJllch unit,. 

The results are shown in IGgurcs C; and 7 which 
give the entrance: areas of the Vent,uri, as squurc fact, 
p’r gallon of liquid sprayr~l per second, for diffcrcnt 
ratiofi of upstream t80 throat, weas, to produce the 
indicat (4 throat, v&cities. Scvcral conclusions may 
be drawn from t,liest: curves. 

1. If it, is desired t>o have an air velocity of 600 fps 
at the throat, or twice t,hr MS, the friction in the 
Venturi st*oop is not sc>rious; that, is, the upfit,ream 
area is not, incre,zsed rscf+ssively if the overall prcs- 
surf? loss flue tr)frIcLG~~ is ZOO/;, rather than 10(x, of the 
cnc.hrgy loss between tllc: entrance: and the throat. 
Howover, if it, is desired t,o have a velocity of 900 fps 
at tlic throat in order to produce better atomization, 
it is nncessary to keep the prc:ssure loss tfnc: to friction 
t,o an absolute minimum, otherwise the :tr(~~ of the 
entrance becomrs cxcessivrly large. 

2. For an air velocity of 600 fps at tlic throat, an 
entram: area of 1 $4 to 254 sq ft per ~31 of liquid 
sprayed per ser is suficient, provided the t,liroat, area 
is one-third to one-fourt,h as large. 

3. It, appears tIhat it, is better to have t,hc: throat 
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arca too small than t,oo lurgc, as t,lie cntJrance area 
rcquircd to pmhnf: a given air velocity at the throat; 
decrwsf:s rapidly as the ratio increases arid then 
rcaclios a broad minimum before increasing. 

Table 2 shows the dimensions of the V(!nturis re- 
quired for dispersing T)DT solutions from a plane, 
assuming t,h,at, 0.5 lb of agent is required per acre 
and thftl, tJlic? plane cm lay a swatli of IO0 ft wllcn 
tIrnveling at :I speed of 300 fps and :I, velocity of BOO 
fps at the throat is necnfissry for the atomization. 

The Venluri scoop, shown in Figure 8, was con- 
et,ructIed of l3rlralumin shcc:tj riveted to 2% s 234 
x ),$ in. Durulumin angles. The solution to be 
sprayed was fctl into the Venturi throat through two 
streamline dish-i Ming tubes with orifices in the 
downst~ream ctlg~s.2~ The Vcrlturi was installed be- 
nrath the fr~solagtr ot’ a B-25 plane at Wright I’ield. 
Flight tesls were made to observe tllc: degree of 
atomization when R solution of DDT in fru:l oil was 
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den release of the pressure. In either case fragmenta- 
tion is due to cavitation which, in t,urn, is dw! to the! 
expansion of the liquid, giving tensions in excess of thn 
t,clnsile strength of the liquid. It, was found that cavi- 
t>ation in the liquid can bo inhibited by outgassing or 
by applying oxternal pressure. k’urthcrmorc, water, 
which has a low comprensibility and a high tensile 
strength, is fragmented much less than organic 
liquids under comparable conditions. 

Davies 27 found no evidence supporting the theory 
that pre-ejection effects such as cavitation play an 
important, part in the atomization of chargings from 
a base cjcction bomb. His exporiments were carried 
out with liquids of varying viscosit,y in a small modol 
bomb, one end of which was closed by a copper 
diaphragm which was burst by compressed air at 
45 at!m pressure. Flash photographs of the order of 
1O-5 set exposure were taken at various dist,ances 
from the explosive release. The break-up of the liquid 
was brought about primarily by the shattering of the 
liquid plug which was eject,ed more or less intact 
from the bomb. The plug appears to fissure along 
plants paralh~l to the axis into rods of liquid held 
together by sheets. In normal liquids, unless the 
viscosi:ity is very high, the sheets disappear rapidly 
and the rods break up into comparatively fine drops, 
It, was found that the mean velocity of ejection of the 
viscous filling from the experimental bomb when the 
bursting pressure was 32 atm was 5,000 cm per sec. 
This velocity is probably much lower t,han that at- 
tained in the burst, of a high-explosive bomb, but it is 
likely that, the mechanism of break-up of liquid 
charging from base ejection shells is essentially the 
same as that found for the experimental bomb. 

If it is assumctl that t,he following factors dcterminc 
the degree of atomization in an explosive burst, di- 
mensional considerations may be used to define the 
conditions which account for the results. 

p = pressorc? within the born b at instant of fracture; 
p = density of liquid; 
Y = kinematic viscosity of liquid; 
T = surface tension of liquid; 
d = diameter of bomb; 
1 = length of bomb; 
n = length charuct!erizing the drop spectrum. 

Then, assuming the atmosphere to bc constant, and 
no secondar.y disturbances to 1~~ present, dimensional 
reasoning indicates 

Increasing any of these factors favors fine ditipersion. 
In the case of base ejection from shells in flight, other 
terms involving v&city of spin may 1~: required. 

29.4.2 Ihop Size Distribution from 
Explosive Bursts 

Data available from field test,s at Suffield Experi- 
mental Station on the dispersion of liquid chargings 
from bursting weapons have been analyzed by means 
of equation (2) to determine whether the distribution 
of drop sizes from an explosive burst is similar to that 
from an at,omiaing nozzle. In this test, which is rc- 
ported in Suffield Technical Minut,os No. 37,zR two 
double-day bombs, containing 2.82 1 of aqueous solu- 
tion of 5% egg albumin and 1 $X0 rhodamine B dye, 
wore functioned simultaneously on separate layouts. 
The? bombs were fitted wit,h bursters of 723 g 
CE/TNT 30/70, 170 g CE, No. 8 detonator. 0ne of 
the bombs was charged with CO2 at 500 lb pressure in 
order to dotermine if the dissolved gas would aid in 
the atomizat,ion. The bomb used was an experimental 
type made from the British SO-lb light case Mk 1. 
bomb and was characterized by tho heavy axial 
burstcr which runs the full length of the case.28 

1 _ -2 
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The dat,a shown in Vigurc 9 were t,aken from swing- 
ing impactor samples collected on the 50-yd line, and 
are corrected for the effSc!ncy (6) of the impactor as 
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shown in thr: report. They are prcxcnted hen: simply microns for the other bomb. Rincc, for this drop 
LO show that the method of analysis of’ drop size data spectrum, the mass median diamctcr is 25’y0 larger 
from nozzles is also applicable to atomization by than Do, the valuc~ of MMD is about 125 microns. 
explosive bursts. For the particular charging and 
conditions of these tests, the value of the! coefficient1 q 

The atomization of the charging was no better from 
the bomb containing CO2 under pressure than from 

is s. The characteristic diamater Do of the stains, the bomb without, C:(L It, was concluded that less 
which is approximately twice that of the drops, is than I fly0 of the material at 50 yd is present, as drop- 
197 microns for the bomb containing CO2 and 200 lets smaller than 20 microns diameter. 

. 



Chapter 30 

THERMAL GENERATOR 

By &. w. C0w1uings 

a substance wit,11 8 rclativcly high boiling point. Bov- 
oral munitions of this t,ypc: wcrc avail aI& at, the be- 
ginning of World War 11 01’ shortly tlic:rcaftc?r. On0 
csamplc is the colored smoke grenade which uses an 
intimat,c: mixture of a volatile organic: tlyc: and a fuel 
which carric!s its own osygcn supply. Tho S-lb l>M 
cantilc wan another example. Thr: agc:nt, and fuel in 
this candle were in separate compartments and tlic 
hot, gases passed over the liquid agent and car&l 
awry its vapors. 

The: thermal generat,ors described in this chapter 
:lrc an improved type and provide for highly efficienl 
and short-time contact, bet,ween the hot fuel gases md 

the agent. The improved design has increased the 
agent capacity and permitted the use of less volatile 
and also less t~liermslly stable agents in the thermal 
generators. 

The improvctl thc:rm:d gcncretor has becn tested 
with a numbcr of agc:nt8s for scttirig up screening and 
toxic smokes as well as highly concc!ntrat8ed vapors, 
The materials which have bc:c:n vaporizntl successfully 
are parafhn was, olcum, sulfur, CN, DM, DC!, 
tertiary but,yl st(:ar:L1c, rnctliyl s:dicyl:Lt,(:, t,ric:tliyl- 
phosphors, Glaurin, Diol and other high-boiling 
l~~ydroc:arbon oils, solutions of DDT in oil, and several 
variotips of nmstard gas, including extracted Levin- 
stein, distilled mustard, and mustard from the 
thiodiglycol process. In ovcry cast an cxcc~llont mro- 
sol or concentrated vapor cloud was produced with- 
out rmdue decompositJiorl of the agent,. The design 
has been applied to pots, bombs, and larger gnnera- 
tors. 

30 2 FUNDAMENTAL PRINCIPLES 

Every thermal gene&or design must meet, certain 
general requirements in addition to the special r(:- 
quirements of (tach individual :I,F)plic::lt,iorl. Thcsc 
general requirements are discussed below. 

Therlr~al Slubilily of the Agent. The agent, to be 
vaporized will begin to decompose when it, is heated 
above a tempe&ure range which is charactc?rist,ic of 
each agent. The amount, of docomposition dopcnds on 
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Ihe tempcraturr: and tJlc? time the agent, is held at this 
t,emperature. R.elativcly high tcmporatures in this 
range will result in litt,lc decomposition if the time of 
exposure is very shorl. The aspacit,y of t,hc generator 
will be greater if the agent, is heated to cluite high 
temperatures for the xliortcst possi blr: time rather 
than to lower t~emperuturcs for a longer time. 

Heat Repuirenzents. The hcxt, from the fuel is 
needed for several pq~oscs. 

1. It raises the tempr:rat,urt: of t,hc agent to the 
vaporizing temperature range. This is tlic range in 
which the agent has an appreciable vapor prcssurc. 
It, may he well below the boiling point. 

2. Tt supplies the latent heat of evaporation of the 
agent,. 

3. It, raiscw the temperature of the agent vapor to 
tllc final tcmpcrat,urt: of the hot, emerging gases. 

4. If the: agc:nt, is initially solid it supplies the 
Iatcnt heat, to melt it,, 

5. It boats the metal components of the generator 
and supplies heat lost, through the walls of the 
generator. 

6. Thr lucl gases tlicrnsclvc~s lcave the unit, at an 
elevated tempcrutrlrc, and the: fuc?l must, supply the 
heat in these cxil gases. Wllcn tlicse gases leave the 
unit, saturated with agent vapor, this llc:a.t, rtquirc:- 
merit, is at a minimum for a given fuel burning t,r?rn- 
perature. When the gases carry orIt, less vapor ~I,I~ 

that needed to saturate them, the exit gas tempera- 
turr: will 1~: higher ant1 this heat, requirement1 great,er. 
A higher frlel blrrning t,cmporaturc will also result in 
a higher exit gas tcmpcraturc:, but, if this gas is 
sat,llr:tf,cd with vapor the: h(:aLt requirement, $11 be 
loss when compared on the hasis of a unit, weight, of 
agent evaporated. This is so bccauw: less fun1 gas is 
needed to carry off a unit weight of agent, vapor: The: 
higher the fuel burning temperature and tllc more 
nearly saturated the exit fuel gases, tllc: lower will 1~: 
the fuel requireme&. 

7. In some: casts in,& m,alerl,nZs such as carbonates 
have been added to tlic fur:1 to mhce the jihel bnmin,g 
tewqwratwre in ortlcr to avoid decomposition of t,he 
agent. The fuel must, then heat t,hese materials and 
in some cases supply additional heat to decompose or 
vaporize them. Tlmsc: additions increase the fuel re- 
quirt:rnt:nt,s by absorbing heat, and by increasing the 
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heat requiremcnt,s of exit, fuel gases tluc t,o the lower 
fuel burning t,crnj)crat~urc!s. Thc:st: stltlit,ions to the 
fuel have bocn avoided whcrc: possihlc in the: im- 
provctl t,hormal gcncrutor designs. Thcrmd tlccorn- 
posit,ion of Ihc agent; has been avoided by reducing 
the time that t,he agent is exposed to the higher 
t,cmj)cratures. 

Heat Trawfcr. The design must provide for the 
trsnsfcr of the heat supplied by the fuel to the agent. 
Mcrcly making the heat available is not enough. The 
tlcsign must insure that it reaches the agent at, a 
fairly lmiform rate. Direct radiation from the fuel to 
t,he agent compartment, may provide for part, of this 
transfer. It is preferable to transfer the heat through 
the liquid surface in direct contact, with the hot, gas. 
The transfer will be more rapid if a large area of 
liquid surface is exposed and also if the gas velocity 
over this surface is high. A large amount, of experi- 
mental and theoretical evidence indicates that, t,hc!sc: 
conditions are best, provitlcd by a spray of small 
liquid drops in a high-velocit,y gas strcarn. 

Vapor Trun.sfer. The agent, vapor is transferred 
from the liquid surface to the gas stream. The contli- 
tions which permit this transfer t,o take place readily 
are the samt! as those which promote the transfer of 
heat from the gas to the liquid, namely, a large liquid 
surface area and a high gas velocity over this surface. 
Thus, a spray of small liquid drops in a high-velocity 
gas stream also provides the best conditions for the 
tmnsfer of vapor. 

Expcrimcnts on the vaporization of high boiling 
organic liquids from flat, surfaces into a stream of hoi 
gas ha, 64 indicated that the same principles apply as 
whm evaporating lowcr boiling liquids. An excessive 
extent of surface-is necdcd to obtain practical evap- 
oration rates by this means. Evaporation from the 
surface of packing material, such us used in a com- 
rnc:rcG,l absorption tower, also requires more space 
than can be allott,ctl in a compact munitJion. 

CurTier Gas. The: agent vapor is carried out, of the 
thermal generator by the gases from the fuel. The 
sr~pply of a large volume of carrier gas is an important, 
function of the: foci. The amount, of vapor which the 
gas will carry is limited to t,hc: vapor which will 
saturate the gas at it,s exit t~emparxl,ure. A large 
volume of fuel gas will permit opcrstion of the 
generator at, a lower temperature and prolcct the 
agent from decomposition. Thus, a fuel that slIpplies 
heat but, dots not give a large volume of gas is not a 
satisfactory fuel for thermal gcncrulors. The fuels 
selected for the improved thermal generators provide 

a maximum amount of heat, and carrier gas and :L 
minimum of solid residue and slag. 

30.3 PERSISTFNCE OF THE AEROSOL 

The agent vapor mixed with the gases from the f11el 
issues from the thermal generator in jets. These jets 
entrain the surrounding air and are chilled rapidly to 
a temperature approaching that of the atmosphere. 
The vapor condenses during this cooling and forms 
an aerosol cloud. 

When a liquid aerosol cloud is formed by condensa- 
tion of vapor or by mechanical disintegration of 
liquid, the: cloud is carrictl downwind and diluted by 
the turbulence of the air and by prt:c:ipitation of the 
large droplets onto vertical and horizontal surfaces. 
Evaporation of the droplets cnmmcncos as soon as the 
partial prcssllre of the vapor in t,hc cloud falls below 
the saturation value. The rate of evaporation de- 
pends primarily on the size of the droplets and on the: 
clifference between t,he saturation vapor prcssurc and 
the actual partial pressure of the substance in the: air. 
Only when the concentration of droj)lcts is high ant1 
their diameter is small will the rate of evaporation be 
sufficient, t>o maintain the air in the cloud essentially 
saturated. 

With highly nonvolatile agents such as fog oil, very 
little vapor is needed t,o saturate the air and the 
cloud will persist for long distances before it is diluted 
suficicntly to cvaporatc all the aerosol. The oil smoke 
generators depend on this nonvolutilo characteristic 
of fog oil for the persistence of the smoke screen. The 
factors influencing the persistence of scrocning smoke 
have been discussed in connection with the lurgc oil 
smoke gencrat,ors.‘~ 2 With more volatile agents, the 
aerosol -cloud will be less persistent. 

The cloud of mustard gas aerosol from a thermal 
generator is very similar t,o a cloud of nonpersistent 
gas. The: dcgrcr: of sat,ur:l,t,ion of the cloud has been 
prctlic:t,ed from differential cqnat,ions 3 written for the 
rat,c of cveporatinn of m aerosol cloud based on the 
British equalions for atmospheric: diffusion and the 
laws of vaporization of spherical droplets. Roth con- 
tinuous point, and infinite line sources were con- 
sidered. Step-wise integration of these equations 
showed that the degree of saturation of mustard gas 
aerosol clouds depends very much upon the diamctcr 
of the drops, the source strength, and the at,mosphcric 
conditions. An approximate solution to dctcrrninc 
the maximum initial drop diameter that will muin- 
tnin essentially saturated conditions throughout the 
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life of the cloud has shown that the: droplets in aero- 
sols generated hy mechanical spray nozzles or by cx- 
plosivc bursts are much too large. CMy thermally 
generated mustard gas aerosols may bc expected to 
be saturat,ed. Nonvolatile impurities soluble in the 
agent, reduce the rate of vaporization of the agent and 
leave a persistent, cloud of droplets with a residual 
drop diameter of the same ortlcr of magnitude as the 
original droplet. 

Figures I and 2 show some t,ypical integral curves 
for point and line sources for soveral different atmos- 
plir:ric condit,ions, sourcc strengths, anti initial drop- 
Ict, sizes. The curves on t,he right show the distance 
from the generator at, which the droplets in a 
homogeneous aerosol of pure mustard gas would 
disappear. They represent also the total concentru- 
tion of mustard gas as vapor plus acro~ol, at any 
distance from t,he source. Thus, t,he.y do not c:nd at a 
fraction of saturation of unity, but, could be exlcnded 
to the so~~rc~~ position through the: region in which 
the! aerosol would exist, regardless of the size of Ihr? 
droplets. 

30.3.1 Effect ol Temperature on Vapor 
Concentration in the Cloud 

The: shape and location of the integral curves repre- 
senting the degree of saturation in the cloud are d- 
fect,ctl little by ahanges in air tcmperatrrrc since the 
diffusivity of the, agent vapor changes only slightly 
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E’IC:Um 2. The effect, of distnnce froln a line source on 
t,ha degree of &w&on of K rnust~ard gas ss~osol cloud 
for pwOicles of vnrioufi initjial sixrs. 

with changes in temperature. This means that EL 
homogeneous aerosol cloud from a given source, and 
und(lr fixed mc!t,eorologicul conditions, should have 
the same percentugc saturation of vapor at all air 
t,emperat,ures. The actual concentration of vapor will 
increase w&h temperature in proportion to the 
volatilit,y of the agent. The aerosol cloud will persist 
longer at lower temperatures. After all the droplets 
ovaporatc and the aerosol cloud has disappcurcd, the 
vapor concent,ration becomes independent of temper- 
ature and depends solely on the strength of the source 
and on the meteorological conditions. 

30.:i.2 Maximum Drop Size to hlaintain 
the Acrosol Cloud Essentially Saturated 

It, is of intcrost to know the maximum initial size 
of drops in a homogeneous aerosol c:loud that will 
maintain a saturatctl condition throughout, the life of 
the cloud. If only tho vapor is ctiective as a casualty 
agent, it is evident that, the Iargcr droplets would be 
unrlesirablc because the concentration and dosage 
during the passage of the cloud from a given source 
wor~ltl be decrcasod by the slower rate: of’ evapors- 
tion. 

Only infinitesimal droplets can koep the cloud 
complet,ely saturated at all distances up t)o t,hut >kt 
which the cloud disappears. Small droplets maintain 
high degrees of saturation. Figures 3 and 4. show the 
largest original diameter of uniform drops t,hat will 
keep the cloud hotter than 90% saturated throughout 
its lifn for several atmospheric conditions. The valuca 
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FIGIJHE 3. The maximum init,ixl drop di:mcl cr which 
will maintnin easerdidly sntumted condii,inns in n mus- 
t:ml gm cloud from n, point, sourrc. 

of mind velocity chosen for the high ‘LK" values in the 
figures arc about, tlic maximum to he expectcil.la 

Consoqnently, thcsc (harts show the upper limit 01 
tlrop sizes that may be uscxl for essentially a:~~turated 
cloutls. Aerosols containing large drops c:o~rld bc 
saturated only under conditions of low atmospheric 
turbulence. Untlcr such conditions, how:vc:r, theso 
drops would sott,le out rapidly. Since the tlrt)p sizes in 
mists from explosive bursts and from all c:ommercial 
spray nozzles are conr;itlcrahly largw Lhan 10 mi- 
~~0115,‘~ it, is evident that, mustard gas aerosols from 

such sources cannot, hr. saturated. The only mc:t,hod 
known at present for the field generation of :~rosols 
with droplets lcxs than 1 micron in dinmc:t,cr is the 
thermal generator.H It appears that all muxlard gas 
clouds from such munitions will remain esscnGally 
saturat,cd under all atmospheric: conditions as long 
as the aerosol of mustard gas tlroplet~s porsiets. 

30.33 Efht of Nonvolatile :I rnpurities 

II’ the aerosol droplets contain a nonvolatiln r&due, 
the aerosol cloud will not, disappear by c~vaporstion. 
The appearance of such a cloud produced from Levin- 
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FNURR 4. The maximum initial drop dinmetcr which 
will maint,nin csscnt,inlly snt,ura(cd conditJione in R, mu+ 
tnrd gas cloud from a lint source. 

stnin mustard is apt, to t)c misleading. The drop 
diameter then decreases to such a small rxten.t, when 
only t,he nonvosicating impurity is ldt, in the drop, 
t,hat, it may still form a screening smoke. Even ma- 
terials of high purity, when dispc:rxPd as aerosols, may 
leave visible clouds after the c:vapnration is essen- 
tially cornplet~e. l’igure 5 shows the: rcsidunl diameter 
of drops aontaining various perconluges (by volumt?) 
of nonvolatile impurities. 

The rate of cvuporation of a droplet is tlecreasotl l.)y 
the presence: of a solul~l~: impurity due to the lowering 
of the sat,uraLion vapor pressure. Tf the vapor pres- 
SW? followx Raoult’s law, as in the case of Lcvinst,ein 
must:Lrd,4 the diffcrmtial equations can IN modified 

to dlow for t,his impurity. These equations a can be 
integratrxl in a st!q-wise manner. Such an integration 
has bccm perfo~mctl for a certain field test at, Fdg(:- 
wvootl Arsenal on a mustlarti thormal generator. The 
can&c was charged with T&nxtein mustard. The 
cslwl:tted axid c:oncentration ol" mustard gas vapor 
in thr: cloud is shown in Jf’igurc 6 in comparison with 
the curve calculatccl for a pure mustard cha,rging. 
The initial uniform drop diameter usctl in the C~CU- 

lations was 0.6 micron, which is the averaga size 
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measured for simi&nt clouds nt:l up in the: same way. 
It is evident from the curves that the vapor concen- 
tration in the Lrvinstein cloud is considrrably less 
than that, of a cloud from pure: mustard gas. F&her- 
more, whereas the: cloud of pure mustard gas should 
have visibly disappeared at, about 30 yd, t,he evapora- 
tion of t,he T,c:vinstein droplet,s was still continuing at 
100 yd. The: culculatotl residual diameter of the drop- 
1~1~s is shown in the upper curve in Figlu’e (i. 

30.4 CALCCJLATTON OF EVAl’ORATTON- 
OF All: K (SOL CLOlJ D 

30.4.1 Lkriva tion of Eyua tions 

For :~rosoJs of small partinlcs, the effect, of gravity 
js rqligible. The cloud is ililut,ed in the: same way 
as :L gas cloud and the same laws of llu%ulent, tiif- 
fusion are applicable. ‘I‘hc theory of atmospheric: 
(jiffusion dwivcd by the: British work(:rs requires :b 
kno\vledge of t,he wind v&city, the vcrticnl graclicnt 
of wind velocity, and t,he components of gustiness 
n(~ the grolmd.1” The axial, or peak, concentration 
of gas nellI- t,lie ground is given by the equations 

(2 
c=Azu:“, for :I, continuous point source; (1) 

Q 
C=--- fiuz”,’ ,‘I for a continuorls infinit~c: line source. (2) 

For a gas clond, Q is the: source strength in grams pc:r 
second, or grams per second par centimeter, rf?spc:c:- 
tively, 71, is the wind velocit,y near the ground, and 
e is the distance from t8hn soluxe, both in cgs units. 
The index m is determinc>d from the voloc:it,y gradient, 
and is conv&ently qxessed in tnrmr; of the “Ii?’ 

Fu2un~ ti. (:omparison of calculn~cd concentrations of 
mr~slnrd fits vapor in clods frnrn thermal gencrstIor. 
Test, No. 1, F,dgcwood Awed, February 1943. 

value, which is the ratio of the wind velocity at, 2 rn 
to that at, 1 m, 

The sc:~lc factors of tliffueion, A and B, me ftctually 
complicated functions of the wind gratlient, wind 
velocity and gustiness. Various simplifying approxi- 
mations have been made in the use of thcsc equations, 
such as for the concentration range slide rule 47 for 
ticIt llse, where A and 13 are assumed to be unique: 
funct,ions of the wind gradient and vt:locit,y. lcor the 
solution of t,he c?quations derivotl in the following 
text,, a step-by-st,cp integration is required, and even 
theabove simplification is not sufficient, to avoid labor- 
ious computations. Consequently, for this calculation 
A and H have been considered constnnts for ubl values 
of “R” and wind velocities. Actually, proofing of the 
equation against the Bervicc slide rule has shown tha.t 
the concentrations calculated will not, tlcviutc by mart: 
than W,, from the v:~lucs based on the closer ap- 
proximation, even for a large range of \2&1 gradient 
and velocity. Since it is desired hcrt: lo oht,ain only 
t,hc: approximate tlogree of saturation of t,he cloud and 
the effect of the droplet siz(b, this simplification is 
warrantctti. Accordingly, the values of the c:onstants 
were calcul&d from the: slide rule for neutral corl- 
ilitions, “H” = 1.15, and for 74 = 5 mph (223 cm 
per SW), whence A = 0.34 (for axial concentrations) 
and H = 0.31. 

lpor an aerosol cloud, N will bc considered as the 
source strength expressed as number of particles per 
second (or number per second per centimt:t,cr for a lint: 
source), and I: is the number of particlcs per cubic: 
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oontimeter at any point. The volume of air associattctl 
with one parlklc of the aerosol for a point source, 
thercfore, is 

(4) 

Applying the gas law, the number of moles of vapor 
already evaporated from the droplet in t,his volume 
of air s 

p AUP ..--. n= By1 N (5) 

The ruts! of vaporization of small droplctsinmoving 
air has been investigated by Frossling,17 who meas- 
ured the evaporation of aniline, nitrobenzene, naph- 

thalene, and water. All his data were correlated by 
means of the dimensionless equation 

Nu’ = 2( I. + 0.27ciR&%?) . (6) 

Here the dimensionless groups are 

k P P& 
where d = diarncter of the drop; 

k = molecular diffusivity of the vapor in air; 
prr = den&y of gas; 
v = interfacial velocity of the drop in tho air; 
fi = visco&y of air; 

k, = molar mass transfer coefficient. 

When Nu’ = 2, the rate of vaporization is 

dn 
- = k&p, 
dt 

- p) = ;- (/I* - p) , (7) 

which is identical with the equation of l~uchs for the 
evaporation of a spherical drop in still air, where 

p8 = saturation vapor pressure of the liquid at, the 
drop surface; 

p = actual partial pressure of the vapor in the 
ambient air. 

The value of t,he Schmidt group, &, for mustard 
gas in air is 2.25. Sincr: the inertial cfiects of the? at- 
mospheric eddies on the droplets of an aerosol are 
negligible, any interfacial velocity of air past the 
drop must bo essentially that due to gravity fall. 
From Stokes’ law, a 50-micron mustard gas drop falls 
at the rate of 9.5 cm per HCC and Rc = 0.393. For a 
20-micron drop, the fall is 1.5 cm per see and Re = 
0.025. Thus, for any mustard gas ucrosol cloud con- 
taining drops which do not readily scuttle out, Nu’ is 
essentially equal to 2, and the Fuchs equation for 
evaporation in still air is aatisfact~ory. 

The diameter of t,he drop at any time is rclatecl to 
the original diamot,cr D at the! source by 

Substkuting equations (5) and (8) in equation (7), and 
letting f represent, the fraction of saturation, p/p,, 
gives the equation for a cloud from a point source, 

(9) 
Equation (9) may be simplified by noting that 

which is the saturation concentration of the vapor, 
Lllld 

TNll” ---- 
6 

=&, (11) 

where & is the liquid volume rate of generation of the 
aerosol, which is here assumed to be perfectly 
homogeneous, and also that 

Then 
,udt = dx . 

(12) 

This represents the equation for the degree of sutura- 
tion in an aerosol cloud at, any distance from the point 
source up to the disappearance of the droplets. It, is 
convenient to write? the equation in the form 

df = Sb (1 - K2fP)“~ (I - f) - y , 
dx (13) 

where 

The analogous equation for a line source is 

where 

30.4.2 Integration of Equa lions 
No general solutions of equations (13) and (15) 

have been obtained. Consequently, the integration 
has been performed by a step-wise method. The par- 
ticular method used was as follows. 
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As a starting point, it, was assumed thatj = 1 when 
5 = IO0 cm. This means essentially that, the cloud 
is Muratod very near the source, alt,hough a fern 
trials with j = 0 at, x = IO0 showed that the aontli- 
tions at the start arc not, critical as the curves 
originating from these extJrcrnc?n converged rapidly. 
Valr~es of Kl and lC2 (or /C; and Ki) were chosen 
for the conditions of the: atmosphere, and source 
strength, and the parlic:lc size?. Then %dj/& at :cl was 
found. The increment Aq corresponding to Ajl wm 
then found from 

A new point on the wwc was then determined from 

fi = j-1 + Ah 

x2 = rl + AxI 

and (rjj/rl~)~ wcrc found h.y substitution. The process 
was repeated indefinitely t,o give the integrated curve. 
If the chosen values of Af wore sufficiently small, a 
smooth WI’VC: resultctl. Too large values of the incre- 
ment, would revcrsc the: direction of the curve. 

The integral curves werr: t~stcd from t,he relation- 
ship 

s 0 *If (1 - j)dx = 2ic; . 07) 

As shown later, this int,cgral is t,he area above the 
curve of j VH z up to saturation. 

IJigurcs 1 and 2 show somt: t,ypical integral curves 
for point, and line sources for 8c:vc:ral diffcront, atmos- 
phcric: conditions, source st,rc:ngths, and particle 
sizes. It, is evident, that,, for the conditions ~lioscn, the 
clouds are saturated only very near the source unlcsx 
the drop size is below 1 micron. Drops as large as 24 
or 48 microns evaporate slowly and cause the cloud 
to persist for considerable distances even for Ibe 
small source strengths chosen. For higher “R” values 
or greater source strengths, the integral curves are 
shifted upward toward the: saturation line and the 
boundary curve is tlispl:~cotl farther to the right. 

30.4.3 The Rourdary chrves 

The curves on the: right, in Figurns I and 2 show tha 
distance from the gcncrator at which the particles 
from a homogcnoous acroRo1 of pure must>ard gas 
would disappear. They rcprt~~rnt also the: total con- 
ccntration of rnust,ard gas, ati vapor plus acrofiol, ~1, 
any point in the cloud. As such, they do not end at tt 

fraction of saturation of unity but; c:ould bc cxt,cndrd 

to the source position, through the region in which 
the aerosol cloud wo~dd exist regardless of t,hn size: 
of the droplet,s. 

The boundary curves, representing as they do the 
concentration of matter in a cloud, could be calcu- 
lated by means of the concentration range slide rule. 
As derived from equations (13) and (15), they were 
obtained by equating the terms (I - T<Zj~n~)“” and 
(1 - TCij~“‘~:“l!~)~‘~ to zero and solving forj as a function 
of x. Thus they serve as a check on the accuracy of 
the simplifying assumptions described above. From 
equations (8) and (9), it, may be seen that these terms 
represent the fraction of tho original particle diamc- 
ter of the droplet existing at, any point,. 

The bourldary curves can bc rcprescnted by straighl 
lines on log-log paper. The position of the lines de- 
pcnds on the value of the mctnorologicel constant ‘YYL 
(or “R”), the saturation conccntrution W,, and the 
parameter u/Q. For constant, source strength and 
mctc:orologic:al conditions (i.e., turbulence and wind 
velocity) the logarithmic lines for different tempera- 
tures are parallel. Tlic! act,& concentration, equal to 
fWx, along t,he boundary cluvc, however, is essen- 
tially inrlcpcndent of the temperature of the air. 

30 .I* .d, M~axinmm Drop Size to Maintain 
1Tksentially Saturated Clouds 

The int8c!gral curves for small droplets, lying neal 
the satJuration ortlinatc, are practically linear up to 
the boundary curve. 

Equation (13) may be written in the form 

The left, sitlo of this eqllation represents the decrcasc 
of the fraction of the original surface of a drop in the! 
dist,anco tl~. In the distance from x = 0 t,o z = ~13 
whcrc the drop disappears, this quant,it,y is equal to 
unity, or 

s 
A; = izs (q, _ &p”“)~/” = 1 . (19) 

r=” 
Thcrc:forr: 

The value of this int,c:gr,d depends upon the path of 
(1 - j) vs 2. Lcl, us assume that the cloud is cssm- 

tially saturatrtl tbrougho~~t its life, provided lhat it 
is at, least 90’$$, sa,turatrd when it disappears, that is, 
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f = 0.9 when x = rn. Th~:n, from t8hc area untlcr 
the curve, 

But XH is det,ermined by 

(1 - K2jBX’$)1’.S = 0 . 

Srlbstitut,ing from equation (20), 

(22) 

cw 

Again s&tit,ut,ing thr: values of li, ant1 Ii2 from 
equat,ion (14) 

which gives t,he maximum original drop tliamctcr 
that will keep t,he cloud from a point so~~rce lxktcr 
than 9Oy, saturated throughout its life. 

A similar t,reatrnent for a line AOIII’CC given 

It, may be noted that the valne of D, is not so sensi- 
t,ive to decreasing the value of ffi as it, is to increasing 
it. That is, t,he maximum drop diurnctcr coultl be ap- 
prosimately sS40”i’, greater if it were ass~nnotl that, the 
cloud is only 80(~Cj saturat)ed at the point, of disap- 
pcarance. On the other hand, the perrnixsiblc size 
would dccrt~ase considerably if it, were desired t,o kcc:p 
tdic c~loutl 99[x, saturated, or better. 

30.4.5 Effect of Nonvolatile Iqmrities 

When a nonvolstilc impurity is present ant1 if the 
vapor pressure follows Haoult’s law, as it does in t>hc: 
case of Levinstein m11stard,4 cqualtion (13) becomes 

The mole fraction of the solvenl N1i may bc (:x- 
pressed in terms of 2, t,ho original cont:ent,rst,iori of 
the impurity, and Gin quantit)y &j:P, MO t>hat qua- 
tion (26) for H point, source becomes 

‘I’tic corrrsponding equation for a line source is 

(1 - Z) - K&J’“2 -.. -.----~. 
l’Rz 

-f 
1 - 2 + - - ~<;fx:“l” 

P.‘l 1 
These equations can be integrated in a step-wise 
manner similar to that, described for equat,ions (13) 
and (15). 

The approximations made in these mathematical 
tlcrivat,ions loavc much to 1~: dcsircd before t,hc! actual 
corlc:ont~rst,iori of vapor in a must,ard gas aerosol r:loi,~d 

can bc cst,irnated. 8uch doi~ls, of (:ours(:, would not 
bc uniform in particle size!, and this would add a 
ct)rnplic:~~t,ion not, consitlcrcd hcrt:. l’urt,hormore, the 
deposition of tlropIct,s grcatcr than 5 microns in 
diameter on horizontal and vertical surfaces probably 
proceeds at, a finite rate cornparabh: with the rate of 
v:y)orizat,ion, so t,hat, t,hc c:alculat,od concentration 
for aerosols of large droplets is too great;. Neverthe- 
less, it appears fairly certain that aerosol clouds made 
up of droplets of pure mustard gas less than 1 micron 
in diameter would always be saturated as long as the 
cloud persists. On t,he other hand, fine sprays and 
mists from explosive bursts 20 are by no means satu- 
rated, and atomizing nozzles would be of little use in 
a munition tlcsigncd to gcnttratc: high conccntrat,ions 
of vapor. 

A Clust,iricxs faclor for poinl~ Hourcc = 0.34. 
B (;ust,inc:ss fact,or for lino source = 0.3 I . 
c Axial conncnt,rat,ion in gas or aerosol cloud. 
cl l)rop tliamotr:r at, distance 3:. 
D Initial drop diamctc>r in a homogc!noous c:hd 

at t11c source. 
D, itiaximum initial drop diurnot (!r to rnuintain 

t,he cloud essentially satruated. 
f l’rant,ion of satjuratJion, p/p*. 
fH P’rsct,ion of saturation at the point of disap- 

pearance of the aerosol cloud. 
IC Molecular tliffusivity. 
k,! Molar mass transfer coeflicient,. 
K1, Kq, I<;, I\‘; Parameters. 
‘m, Meteorological constant. 
M Molecular -weight. 
fi Viscosity of gas (air). 
IL Moles of agent, in the air as a vapor. 
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mended for adoption as a standard munition bccauso 
of t,ho gcncral conclusion that gas cloud at,tanks from 
hand-plaootl gcneralors are no longer practicaal in 
modern warfare. The small quantity of pots was 
produced for use in testing the tactical advantages of 
mustard vapor clouds from thermal generators.6 The 
application of this general design to aerial bombs is 
practical in modern warfare and such a bomb will be 
described later. 

This pot consists of a fuel block and agc?nt in 
separate compartmcntJs. The liquid agent is fed into 
the hot aati stream from t;hc fuel t$ock in a high- 
velocity Venturi vaporizer. The high-velocity gases 
atomize the liquid agent, and the atomized liquid 
cvaporatcs rapidly into Ihc high-velocity hot gases. 
Tho feed rate is so adjusted that all but a small frac- 
tion of the atomized agent is evaporated in one pass 
through the vaporizer. This small fraction which is 
not vaporized is cmittcd with the vapor-gas mixture 
as a fine spray. 

The pot is 7 in. in diameter and approximately 
SJ/, in. high. It is made up of two ma,jor assemblies 
which are crimped together. These are (I) the agent, 
compartment assembly, and (2) the fuel conta& 
assembly. With the exception of the machined parts, 
the munition is fabricatc~ti throughout, from 20 ~LII~C 

sheet, steel of deep drawing qualit,y. 
The: &l midwe is prcssetl into the fuel container 

untlcr a dcatl load of about 1,000 psi. The composi- 
tion of this mixture is as follows. 

The surface of the block is sprayed with a pyroxylin 
lacquer for protection against moisture. The fuel is 
ignited by a one-delay electric squib held in place on 
the surface of the block by a metal clip. The tip of the 
electric syuib is coated with a 34% aluminum/(i(i(~l 
potassium perchlorate mixture to insure ignition of 
the fuel block. The details of making these fuel 
blocks are described in Chapter 31. 

The aged mntaiaer usscm.bly is made up of five 
parts, as follows: (1) agent container top, (2) agent 
contaimr botjtom, (3) Venturi tube, (‘I) Venturi 
throat, and (5) filler cap sleeve. These arc? join& in t 
one operation by copper-brazing all joints simultane- 
ously in a special furnace:. Prior to crimping this as- 
sembly to the fuel cm, t,hc feed 1~01~s (No. 30 tap 
drill size - 0.1285 in. diamntcr) and the vent hole 
located near the top of the Venturi are soldered 
closed with Wood’s metal alloy, A pressure test for 
leaks is specified with air at 35 psi. The lugs for the 
carrying handle are then soldorcd to the outside of 
the container. The diffuser cap is crimped onto the 
flanged end of the? Vt:nt,uri tube which projects above 
t,he top of the unit. A waterproof membrane of 
O.OlO-in. thick aluminum foil placed over the end 
of the Vont,uri tubn prevents moisture from reaching 
the fuel. 

The? unit, charged with distilled mustard gas, 
rcatly for functioning, weighs approximately I3 lb. 
This wnight, is distributed as follows: distilled mus- 
t,ard gas, 6.5 lb; fuel, 3.12 lb; metal components, 
3.38 lb, 

30.5.2 Operation of Unit 

l’hc F-7A thermal generator charged with 6.5 lb 
distilled mustard gas functions from 3% to 4 min, 
emitting a dense mustard gas aerosol which evapo- 
rates downwind of the generator to form ml&ard gas 
vapor. To ignit>e t,hc: unit,, ~1 clcctric: current, is ap- 
plied to the squid, and the: spit, from this ignites the 
fuel block. The: init,ial pressure surge from the fuel 
gases frac:tJurcs the waterproof membrane. The hot, 
gases pass upward through the Venturi, causing the 
t’usihlc plugs in the two feed holes and the vent, holc 
t,o molt. The liqllid agent then feeds into the Venturi 
throat, entering the high-velocity hot, gas stream at 
right angles, The agent, feed rate is cont,roll(?tl by the 
size of the two feed orifices and the prescrurc: differ- 
ential between the agent, compartment, and the Ven- 
turi throat,. The agent, is broken up by tlhc: velocity 
of the gas st,rt:am and partial vaporization of the 
rtgcrlL tukcs place in the throat section. The contact, 
time of the agcnl with Ihe hot gases is extremely 
short, being of the order of several thousandths of a 
sc~ond. Further vq)orizetion t,akcs place as t,he hot, 
gas-v:tpor-droplet mixture passes through the: 
divcrgcnt section of the Vcnt,uri. The mixture issuos 
to the at,mosphcrc from the top of the munition 
through the cliff tlscr cap, which contains eight, No. 2 
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holes, 0.2210 in. diameter, at an angle of 22x/,” ubovc: 
the horizontal. These holes are designed to avoid 
flaming of the vapor, by rapid cooling with entrained 
air. The vapor condenses to form an aerosol upon 
being cooled by dilution with the air. A small frac- 
tion of the agent is deposited in the vicinity of the 
munition as droplets of unvaporized agent. 

30.5.3 Devclopnmnt of the Pots 

The development of those: pots is of importance 
because a major part, of the work on t,hc improved 
thermal generators was done with them. Field tests 

WPOR GA6 EXIT 

VENTURI THROAT 
ADENT FEE0 

HOLE 

HOT 618 
o- 6 0 - IO 

with tJlicsc pots provided the basis for int,erest in the 
use of t,hcrnially generated ~:Io~~ds of concentrated 
mnxtard gas vapor. This interest lent, support to the 
development of the IO-lb, .E29Rl thermal generatol 
bomb described in t,he following text. In addition 
tJo the 13-11) size pot, unit,s weighing 25, 35, and 125 
lb were also t~uilt.51 The last held 80 lb of mustard 
gas which could be dispersed in 10 to 12 min. 

The Tp-7h thermal generator pot, was the last of a 
series of experimantal models and the? only ori<: which 
was manufactured by production methods. Some of 
the earlier models were built in lotIs of a few hundred 
by hand-welding mc:thotls ant1 wcrc used for fic?ld 

test,s. Out,line sketches of these various designs are 
shown in TGgure 9, and significant comments on some 
of t,lic: tlcsig& will IX ma&!. 

‘l’hcr~arly work l”,I1 wastlirectotl toward animproved 
generat,or for solid agents which melt at a tempera- 
ture above normal atmospheric temperature. These 
car1.y models (C> 8, T) 10, and 17 ,-ti) make no pro- 
vision for scaling t,lic! agent in a closctl compartment, 
as wo111d bc necessary with a liquitl’agcnt,. It, was also 
bclievcd at that tirnc that the agmt, could not wit,li- 
stand direct contact with the hot fur:1 block gases 
without seriorls decomposition. The first pots were, 
therefore, designed to cool the fuel gases by entrain- 
ing outside air before the gases came in direct contact, 
with the agent,. A series of experiments were carried 
out to provide a basis for the design of the air en- 
trainment feature.Y It was realized that using part 
of the heat from the fuel to heat the entrained air 
reduced the amount of agent that could be vaporized 
by a given amount of fuel. The quantitative relation 
between the amount, of agent that can be vaporized 
:i,ntl the: rat,io of ont,rainctl air to fuel gasns was pro- 
dic*tcd.!’ , , 

Tlic tlcvclopmcnt, of t,lic Venturi vaporizer rc- 
sulted in such cstremely short, times of exposure that 
dir& contact, of agc?nt, ant1 hot gasc?s was possible 
ant1 t,lic: air cntrainmcnt, fc?at,urc was climinatc3d in 
letcr models (see F-6 and F-7). The GX, D-10, 
:~nd F-6 models were provided with a baffle above 
the vaporizer. This separated uncvaporat,od liquid 
drops from the gas stream and rcturncd the liquid t>o 
the agent, compartment for recycling through the 
vaporizer. The feed orifice at, the throat of the Ven- 
t,uri was then designed to feed the agent, at a highet 
rat,e than it could be evaporated. This recycling 
feature could not be readily incorporated in a unit 
with a soalcd agent, compartment, for -liquid agents, 
and it has not, bc::n inch&d in the 1’ i design. The 
:i,gc:nt, fcctl orifice: must, Gic:n b(: of t,lic proper size to 
feet1 t,lic: agent at suc:h a rat,c t,liat, it, will nearly all b(! 
r:vaporut,ed in one pass through the vaporizer. This 
was accomplished satisfactorily. 

C--S Design. This was the original Venturi vapori- 
zer design.’ The fuel gases passed throrlgh an ex- 
ternal tube and entered t,he entrance to a Venturi in 
a jet>. This jet, entrained air and the rnixt,ure passed 
through the Venturi. The lowest st,at,ic pressure and 
the highest, gas velo&y are attained in the throat of 
the Venturi and this point was chosen for the intro- 
duction of the agent. A cont,act chamber downstream 
from the Venturi was provided, but this was later 
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found to bc ~~~mmxwwy bccau~e of the extremely 
good contact between the liquid and gas in the Ven- 
turi itself. This pot, ovaporatod from GO0 to 700 g of 
liquid Glaurin (diethylenc glycol monolaurat,e) or 
solid par&in wax in 3 to 4 min with 1,190 g of fuel 
block. The liquid tempcraturo in the agent compnrt- 
ment ranged up to 240 F and the contact time of t,he 
agent with the hot gases was of the order of 0.01 sec. 
These agents have estimated avcragc boiling point,s 
of 700 to 800 F. 

D-10 Design. This is a more compact arrangement 
of the G8. The model D-10, with air entrainment, 
has been found to disperse DM, Cyan DA, CN, 
sulfur, paraffin wax, Glaurin (diethylcne glyonl 
monolaurate) and tert,iary butyl ntcarstc. It is 
recommended for toxic smoke agents which are too 
thermally unstable to be used in the simpler pots 
without air entrainment. This candle is 8% in. high 
by 7 in. in diameter and the experimental model 
weighs II lb whtm chargod with 2 lb of agent and 
3j$c lb of fuel. The burning tinic averages 3% to 4 
min and the purt,icln size of the smoke is probably 
bct,wccn 0.2 and 0.3 micron radius. 

The fcaturos of the candle include an air entrain- 
ment device, a means of spraying the liquid agent, 
into the hot gas stream, and a special baffle to re- 
move liquid droplets from the gas strcam. The candle 
dispersed X4.40/,, of the DM charged, as undccom- 
posed smoke in one tent, :mtl averaged 07.9% in two 
other tests. This compared with 56.1% dispersed by 
two DM irritant, smoke M 2 candles. The D-IO 
c,andle also dispersed Cyan DA with 91.Oj;, of this 
agent, appearing in the smoke undecomposed. Earlier 
tests wit,h tertiary but,yl st,earate l2 as a simulating 
compound, indi&ed that, the D -10 model would 
disperse X91y0 of this material as smoke untlecom- 
posed, comparotl with 53Oh dinporsoti by t,hc: M-2 
candle. The II-10 model is not adapted t,o ficltl use 
with agents which may be liquid at times. Other 
modifications 8 of this design were tested briefly and 
ratios of entrained air to fuel gas as high as (i/l were 
attained. Attent,ion wax then direct,ed to the design 
of a pot withor air entrainment 

F-I;’ Desip. In this design the upper compart- 
ment contains t,he agent. A Venturi-shaped tube con- 
nects the fuel compart,ment, with the agent, compnrt 
merit and the hot gases pass through the Venturi at, a 
velocity of about 700 fps. The agent compartment, 
up to the top of the Venturi, has a total capacity of 
somewhat over 2,500 cc. The bottom of thr agent 
compart,nient is slightly conical, allowing the: liquid 

to drain to the throat of the Venturi. Two feed holes 
(0.024 in. diameter) are provided in the throat. The 
liquid flows t,hrough these holes from the agent com- 
partment, into t,hc hot gases passing through the 
Venturi tube. This flow is cuusecl by the pressure in 
t,hc agent compartment (about 20 to 30 in. of water) 
plus the liquid head, and is aided by the vacuum in 
the throat of the VentIuri. The liquid enters at right 
angles to the high velocity hot gas stream, arltl is 
broken up into fine droplots which cvaporam rapidly 
in the turbulent, gases in the diverging section of the 
Venturi. This cools the hot, gases quickly. The agent 
is thus exposed for a very short, time to the high 
temperatures. The mixture of gas, vapor, and liquid 
particles then impinges on a. baffle where the 
uncvaporatcd particlrs are thrown out and allowed 
to tlrain hack into the agent compartment. The va- 
pors then pans around the bafhe and are emitted 
to the air t,hrougli three s-in. holes. On mixing with 
the cooler air they cool rapidly and partially con- 
dense to an aerosol. Temperat,urcs in a pot, similar 
to the F-6 are shown in l’igurc IO. 

30.6.1 Chnposi tion of Vapor from the I’ot 

An attempt, was made to determine the ext,ent of 
decomposition of Levinstein must,arcl in the pota The 
pot was connected directly t)o a suitable air-cooled 
condcnscr followed by a mat,c:r-cooled condcnscr. A 
relatively large amount, of aerosol passed through the 
apparatus uncondensed and it was not, possible tjo 
account, for more than 50(x1 of t>hc: agent, charged in 
the condensate. The purity of the contk:nsat,c was 
determinctl by three independent methods. 
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I.. Melting points and mixed molting points were 
measured. 

2, A sample of the? condensate was testfed on tlt 
same men for vcsicant action in comparison with 
LcvinstJein redistilled mustard. 

3. A method of dct,crmining the purity of mustard 
by means of the rate of evaporation of small drop- 
lets 4 was usctl. 

All these rnctjhods indicated that, the condensatn 
had a higher must;ard content than the agent charged. 
A C:ot,trcll-type electrostatic precipitator was then 
deeignod and used later to recover as condensate SO(l/o 
of the agent, charged to :I, thermal generator bomb. 

30.6.2 Field Test 011 the Thermal Gcncr- 
ator at Suffield Experimental Station 

The 14’ -6 design was used in a field t,ost, at the Ex- 
pcrimc>ntal Station, Suffield, Alberta, in October 
1943.15 In this test 96 pots were tried. They were 
chargrd with 5 lb of stripped mustard (90°/0 pure) 
and pla~cd in a straight lint: at I M-yd int,c:rvals. The 
meteorologic*al conditions werc~ as follows. 

Air temperature, P’ 74 
Ground tempernture, F’ 54 
Rckhvo humidity, (jJ1 25 
Sky IX!:11 
Time 
Wind velocity 

J2:37 to 12:42 p.m. 

“R” vulue 
24 fps, 1R mph 

1.12 
Gustincsx, C,, 0.81 

G 0.35 

On a line 50 yd downwind, 6 ytl long, and opposite 
tJlicb ccmter of the lint of generat,ors, four obxcrvcrs 
were scat~tl on chairs at 2-yd intervals. Immediately 
upwind from each obaervcr was a chemical sampler 
3 ft above: the ground. l’hc observers were completely 
prot,c:ctjc~d by masks ant1 impregnatctl clothes, ext:q)t, 
lor a spot, 2x2 in. on each upper arm. 

At 75 ytl downwind, chemical samplers wore placed 
on a line 300 .vytl long at 15-ytl int8ervals, cxccpt at, the 
cr?ntJer nherc they were at, 5-ytl intervals. An ohserver 

dressed in batt,lc dress with impregnated underpants 
and wearing a gas mask was stationed at each of 
these center samplers. 

On a lint 150 yd downwind, four observers dressed 
in the same way as those on the 75-yd linf3 were sta- 

tioned at 24-yd intervals, and carried portable 
sampling apparatus. 

Of tht! 96 pots, 5 did not, fire. Five blew the lids 
loose and twenty more blew the lids completely off. 
The vapors from ono ignited near the end of the run. 
These lids were applied with a pressed fit,, and they 
could caxily have been fastoncd on morrr securely if 
the need for this had been anticipated. As it was, the 
lids that were blown off remained in position in most, 
cases during a large part of the burning time and 
apparently did not seriously affect, t,he functioning 
of the candles. 

A sllmmury of the analytical results and thr: 
physiological effects reported from Suffield is given 
in the t,ablc below. 

These results are in reasonable agreement with the 
closes predicted from the British diffusion equation, 
as shown in the table. All men exposed on the 75-yd 
lint: showed effects which would correspond to a Ct 
betwc:cn 300 and 400 mg-min per cu m. It is possible 
from these results that, the pot dispersed from 75 to 
l.OOOjO of the mustard gas charged as mustard gas 
vapor. Of six men exposed on the 75-yd line, three 
bcc:amt: true casualties within t,en clays aft,er the trial, 
~IIC to lesions in the armpits. One casualty developed 
out of the four men on the I50-yd line. The estimate 
is thcrcforc! probably not, greatly in error since the 
tempcrat,urt: was only 74 E’. It, was estimated that, a 
20 to 40(x, increase in concentration would have re- 
sulted in a large proportion of casualties, which pro- 
portion would have bcen merkrdly increased if no 
impregnatc:tl undcqWlt,s hat1 bun provitlctl. 

The high wind vcloc:it;y and low “R” vahc during 
the test are unfavorable for obtaining casllalties with 
a small expendit,ure of agent. They were chosen here 
~PCLWC they gave conditions which could be pre- 
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dictod with considerable cc:rt,einty at the positions 
of the human observers used for assaying the physio- 
logical effects of the cloud. 

p-7 Design. The I<-7h thermal generator shown 
in Figures 7 and 8 is the production model of t,he F-7 
type shown in Figure 9. The latter was developc~l as 
an improvement over the F-G model which was quite 
c~flicicnt in operation, hut, could not, be t~ransporled 
once it was charged with liquid mu&W1 gas. The 
agent was not, confined to a sealed comp:ut,mr:nl and 
could slop over through the vaporizer tube, and 
thence onto the surfaao of the fuel block, if handled 
roughly after loading. In the lc--7 the agent was com- 
pletely sealed in the agent compartment resulting in 
a pract,ical pot, for field use. There was no provision 
for recycling unevaporeted agent, and it, was therefore 
necessary to obin a proper balanc:c hctween the 
agent feed-hole size, the diameter of the vapor exit, 
orifices, and t,lm weight of fuol and agent chargntl. 
The agent, vapor issued horizont~ally over an angle of 
approximat,ely 120’ from fivo 164 17’ -in. diameter holas. 
Vr:rtic:ul discharge t,hrough :I, X-in. diameter hole was 
also tried, and, under neutral condit,ions at, low wind 
velocity, the aerosol cloud rose to a height, nf about 
20 ft and was considt!rably diluted heforc: it reached 
the grotmcl. The horizontjal discharge placed the 
aerosol along the ground. 

FI~LI) TKSTS 

Six field t&s wit,11 F-6 and I’-- 7 thermal generator 
pots were carried out at Bushnell, P’lnrida, in January 
and l’ehruary 1944.1” The first two trials were for t,ln: 
purpose of determining the functioning character- 
istics of the F--7 genc:rtrt,ors when charged wit,11 citlier 
Lcvinntcin or distilled mustard. These tests intlic:alcd 
t,hat Lcvinst,ein mustard is unsuitable for use in t,hcst: 
tlicrmal generators hocause of flaming of t,lic: agent. 
It is also ant,icipat,c:d that storage of Lcvinstein 
mustard in the generators would frcqucntly result in 
deposition of solids which would interfere with propel 
operation hy plugging the feed holes. l&tilled mus- 
tard is relatively free from tlliexe two clisatlv~~rit,:l,gr:s 
and is recommended for use in the generators. Tn tl~ 
othnr four trials, two of which were in tho open 
meadow and two in the forest, vapor sampling dat,:~ 
were obt,aincd. Physiological data were obt,ainc!d in 
ant: of the meadow trials with the aid of human 
observers. 

The official report, of lbcsr trials la states: 

On the &is of t hc m,tJher lirniled dnta, obined I . 01~ 
i,hcrmul gcner>lt,or is cn,pable, ur~dcr prrq~r con& I i(.)ns, of 

Thcrc was a difference in the l)chavinr of the cloud 
in the! meadow and in the forest,. IJnder inversion 
conditions in ihe meadow, the cloud remained in a 
compact, mass, close to the ground, moving down- 
wind. IJntlcr the same met,eorologic:al conditions, in 
the forest, the cloud tondctl to rist: at first to treetop 
level and then slowly diffused downward to the 
ground. 

No large-scale t>ests have been carried out. with the 
F-7 type t,hcrrnul generator since the l%rida trials. 
IIowever, several small-scale experiments have heen 
reported at, 11ugw:ty Proving Ground using the F-7A, 
charged with dist,illctl mustard.21-.Z;s In one of the 
tests, an F--7h pot, was functioned 10 ft, in front of 
the entrance t,n a cave. Although most, of the visible 
cloud was s(:cn to llow past the opening, total dosages 
at, all stations within the cave were in excess of 
2,000 mg-min per cu m. 

An F-7A was funct,ioncd at the bottom of an old 
mine slntft.Z3 The mint: tunnels extended for a t)c)tal 
of 818 ft in different, dircc:tinns and had a volume of 

approximately 25,000 (XI ft. Wserved dos,ages were 
between 20,000 and 40,000 mg-min per cu m ob- 
tained over a 20-hr period. 

Two small-scale tests with the F-7A have been 
carried out, at, the Srrffield Experimental Station 4o at, 
35 and 26 11’, rcspcatively. The generators functioned 
satisfactorily a1 these temperatures hut, only ci5’~0 of 
t,hc: distilled mustlard gas charging was emitted. The 
approximate composition of the agent in the cloud 
produced was GOoh as rnusturd gas vapor, loo/o 
mustard gas droplets with a MMI> of 30 to 40 rni- 
cronn, and 30% mustard gas tlropl& of less than 
3 microns diameter. Thcrc was no evidence of docom- 
positlion products of mustard gas, and the fall out, 
close t,o the point of emission was small. The effects 
on physiologic:~l observers exposed to tlic: nloud were 
greater Hum would have been ant8icipat,od for thf? 

dosages to which they were suhjccted. This may have 
t>(:cn due to the droplets in t,hc: cloud. 

30.7 WNCL~USIONS 

The following conclusions can I)(: drawn from the 
tests on t,lie F-7A. 

I . The F-7A thermal gcncrator, charged wit,h tlis- 
tilled mustard gas, is a practical ham-carry munition 
for uw in the lield. 
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2. No tactical requirc:mc!nt for a hand-carry pot, 
exists or is anticipated. 

3. The pot) desaribctl tlispc!rses distilled mustard 
gas as an aerosol which evaporates to form ml&ard 
I~;:LS vspor hn,ving a physiologic:al antivit.y at> least, as 
grad 3s that, of pure mustard gas vapor. 

4. This thermal generator is cupablc of setting up 
concentrations of mustard gHn vapor of physiolo&cal 
importa.nce in ia fraction of t,h(? time required by 
bursting-type munitions. 

5. Tht: I’- 712 t,ype thermal g~nc~rator does not, func- 
tSion satisf:lctJorilg when ch~gc:tl with T,evinstein 
mrisL:r,rtl, tluc t,o flaming of the vapor as it, issues from 
the gcnrtrator. Whc~i charged with dist,illctl must,arti 
gas, Irmc~tioning is s:ltisf:lctJorg. 

:w.x TllKKiMAT, GENEHA’I’OK HOMRS 

30.x.1 Introduction 

Field l&s with mustard gas in the thermal gc:nc:r:~~- 
tar pots intli&etl that, the chief clltlrttct,c~ixt,ic:s of the: 
t,hermal genclutor arc : 

1.. It) produ~cs high (:oric:c:ritrat,ions of vapor that 
are effective against, masked men and t,hese effective 
concentJrations are set rrp in from 2 to 10 min. This is 
to be compared wit,h 30 min to 4 hr for bursting muni- 
tions which disperse the liqrlitl on the: ground. 

2. It, disperses mustard vapor as :a rioripc~rsist,c~rif; 
gas. This leaves n minimum of residual c:ontamina.- 
lion on the target, area and the target may tlic:rc:forc: 
l)r> 0c:c:upic:tl by friendly t>roopn short~ly ttflcr tlir: con- 
clrlsion of an atJt,:bck. 

3. In open tcrlain will1 :I, moderate breeze the 
dosages will bc c:omparabIc tjo t,hose from an equal 
amount of nonpersistent agent. 

4. In t,lie forest or in open terrain at, low wind 
velocities, the dosages arc c:ompar:~l~lo to t>hose de- 
veloped in a longer time by an cquivalcnt amount of 
liquid must,:& dispersed on the ground. They are 
1~:~s than the dosages from a t,ypical nonpersist#ent 
agent, because the thermal generator does not set up 
xc%inversion &s do t>he nonpersistent agents. 

Designing a bomb to function as a thermal genera- 
tJor involves scvc:ral innovations. Unlike high-es- 
plosivn bombs, this bomb must, remain in good 
met:h:tnic~al working condition aft,er impact,. It must 
t,hen function as an ovaporntor for several minutes, 
and vaporize a liquid without, appreciably decom- 
posing il. The liquid is somewhat unstable, and, if 
boilrd al il>s :~tJrriosphr!ric boiling point, an appreciable 

part decomposes. The vaporization of Ihis liqllid by 
the most, modern industrial equipment would requirn 
several times the volume of space allotted to this 
operation in the bomb. 

After these requirements hat1 km provided for in 
the design of the bomb, the center of gravit>y was 
found t80 be f:u%her back from t>he nose than in any 
ot,her bond,. To operatIe properly it must not land 
flat. This meant that, a new and more effective tail 
had to be developed. A new fuse and ignition system 
wor(: nccc:ssary. Even the? standard procedure for 
applying a protective coating inside the agent space 
c:oultl not, h(: ust:tl. The prc:sc:nt, design is successful in 
meeting these problr:m~. 11 has not yet b(:cn pro- 
duced or used in large quantities untl,sinc:c the tlcsign 
is so new, it is to be expected that additional minor 
farllt~s will bet:ome apparent from lime: to tirnt:. 

Thr bomb must, land upright, and pcnctrata into 
the ground tt short tlislancc so that tlic agent can be 
completely discharged. It is realized that perfect 
functioning is not to be expected on hard srlrluces. 

30.x.2 Ikscription of I-O-llu, E29Rl 
‘I’herrnal Generator Rorrh 

An uxxcmbly drawing of the bomb I4 is shown in 
Figure: 11 ant1 a pic:t,urc: of an asst:mbl(:tl bomb is 
shown in Figure 12. The overall dimensions of the 
cylindrical bomb are 25 in. in diameter by 1936 in. 
long. It is composed of two pieces, the main body 
of the bomb and the streamer tail unit which screws 
onto the body. Approximately 5,000 of these bomb 
bodies and 2,000 of the streamer t,ail units were fnbri- 
cat>c:d and assembl(:d by production methods. 

THH BOMB ROI)Y 

The body cons&s essentially of an impact noso, a 
fuel compart,mc?nt, an ngcnt compnrt,mcnt, and a 
Venturi vaporizer passing through the center of the 
agent, c:ompurtrncnt. The agent compartment is 
sr:parat;cd from the fuc:l c:omparlmcnC by a steel cup 
which also houses the Venturi vaporizer. The vapor- 
izer consists of a Venturi and a vapor mixing tube. 
The Venturi includes a rounded inlet, a short, straighC 
section at the Venturi throat, and a diverging section. 
It is screwed into a Venturi sleeve brazed into the 
agent, compartment bottom. There are &JO shoulders 
on t,he Venturi which seat against, t,he Venturi sleevr!. 
These seats are sealed mit,h copper-clad asbest,os 
gaskets. The Vent,uri sleeve contains eight liquid 
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The fuel block z8 is discussed at length in Chapt,or 
31 and only a few details will be mentioned here. The 
bottom luycr is first pressed into the fuel can with 
a stepped ram The top layer ix added and smoothed 
with a flat ram but not pressed. The st,arting layer is 
added and thcsc layc:rs are then prt!ssfxl in with a flat, 
ram. A dead load of 8 tons is usc:tl in both tllc!sc~ 
pressing operatJions. 

No. 1. Navy Quickmatch is inscrl,c:tl throllgh t8ho 
Venturi and vapor mixing tJube. A doubled piccc: is 
used with the loop near t)lle t,op of Oi(: tube, and two 
knots tied below l,hc Venturi, one on &her side of 
the baffle. The lower knot, is coatctl with a small 
amount, of primer powtlcr. This powtlor contains 
65.80& potassium perrhloratc! and 34.2% finely pow- 
dered t~luminum, and is mixed with a solution of 5’;:) 
cellrlloid in acetone to a pasly consistency. When the 
bomb functions, t,hc t<op of the Quickmatch is ignit,c:d 
by the: flash of t,he powder in the fuze booxt,c:r tube. 
The Quickmatch ignites thy primerand the flash from 
this powder ignites t<lie stttrt,ing layer of tlio fuel 
block. 

A chipboard buffer ring scparstes the f’11e1 con- 
tainer from t,hc: agent compartment, bottom and acts 
as a cushion. Below the fuel conluinor is a chipbottrrt 
disk, a met,al impact, disk, and the 11osc cup. The nose 
cup contains t>wo bossc:s with index hoI(~~ to orient, 
t,he bomb in the filling line. The 11osc cup is silver- 
soldered in place by inductSion heating after the fuel 
block has been plur:etl in t,ho bomb. 111 Ihis operation 
a suital~lc jig is used, and wat~cr is sprayed around the 
cast of the bomb to keep the fuel block below it,s 
ignit,ion I,c:mpcrature. 

THE FUZJX 
The fuze shown in P’igur’e 13 for USC wit,/1 the cloth 

streamer t,ail is an incrt,i:r. impact, frlap provided with 

a safety arming pin which is pulled out, by 0~: cloth 
streamers alter the l~~nb leaves the cluster. Tlic fu5c: 
is mounted in the tail of the bomb and screws into the 
t,op of the agent compartment. It spits a flamt: int,o 
the vapor mixing t,ubc. l’he fuze case is aluminum 
and consists ol two parts, the base and the firing pin 

cylinder, which screw together. The firing pin is a 
cylindrical steel pellet with the striker at) the lower 
end and the upper end, filtcd with two safety balls in 
a radial hole. When the safety pin is in place, these: 
balls arc forced apart and ongage a groove in the 
upper part, of the fuze case preventing the firing pin 
from moving forward. When tllc? safety pin is re- 
moved, thr balls tilip into the firing pin and the lsttel 
is free l,o move forwarcl on impact, and strike the 
primer. A small keeper-spring holds the firing pin 
away from the primer when Hi0 fuze is armed. 

The prirncr is an M --29 percussion cap mounted in 
the base of t,hc: fuxe. The primer ignites a booster t,ube 
which is also monnt,ed in t,he fuze 1~s~. This is a brass 
tube JR in. in diameter by Fi in. long, filled with 
powder, and with it;s lowc:r end closed by a small wacl 
of chipboard. The boostor powder contains IjS.S(%, 
potassium per&lo&c and 31.2”J, grained aluminum. 
The mixt,ure in graincd with a 5uj, solutJion of cellrl- 
loitl in acetone. II should then pass a 4O-mesh screen 
and be held on a 100-mesh screen. 

TIM; %MB TAIL 

The cloth st,reamer t,ail is assernblcd as a separate 
unit, which s(:r(?ws onto the bomb after tllc: lat,ter has 
been filled, and the fuzz: inserted. The tail c:onnistB of 
three clotSh streamers 3 in. wide and 40 in. long. 
These are hastened to a shroud ring which is attached 
to the bottom of t,hc: tail housing by lhr~c 11ylon 
tihrourl lines 10 in. long. The: streamers are pecked 
into the tail-housing cup ant1 hcltl by a cover plate. 
Thv cntfs of the streamers arc fast,c?netl to t,he cover 
plat,c: by a spring clip. This p1:J.c: pulls the stIrearners 
out, during flight and then drops off. The cover plate 
is scal~tl by a fiber gasket and hcltl in place against 
the tail-housing cup by a spring clip. When in the 
clusI;~r, t,hix c:lip is held in place by an Lttljactalt, bomb. 
When Ihc boml~ is released from the cluxlcr t,he spring 
clip flits off and releases the housing cover. The safe@ 
pin in the 1115~ is at,taLohed to the streamer by a wire 
clip, When the strcarncrs pull out, the fuze arms. In 
flight the cloth strcanlcrs are about, 8 in. behind the 
bomb body and cxtcnd back t,o about 48 in. They are 
held in this position by t,he shroud ring which is in 
t,urn connected to t,he bomb body by the IO-in. long 
shroutl lines. 

A metal telescoping t,ail has been developed 27 to 
replace the streamer tail &scribed above. This tail 
causes the bomb to spin during its fall, reaching 3,500 
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TAIL HUB CAP, 
TAIL VANEIDRAG SURFACECE) 
TAIL WANE SPRING 
TAIL VANE PIVOT 
TAIL HUB CAP 
TAIL HUB BAFFLE 

TAIL VANE SPRING 
TAIL HUB BAFFLE 
TELESCOPE CUP 
VANE EJECTOR SPRING 

TAIL HOUSING 

TOP VIEW 
EXTENO~ (OPEN) POSITION 

SECTION B SIDE VIEW 
EXTENDED (OPEN) POSITION 

TELESCOPE CUP 
TAIL HUB BAFFLE x!lr 

SECTION 8. SIOE VIEW 
CLOSED POSITION 

VANE EJECTOR SPRING 
-TAIL HUB BASE RING 

rpm wticr~ dropped from 2,500 ft,. Thin tipin stabilizcx 
the flight and also makes it, possihlc to llse a centrif- 
ugal arming fuzz: which is easic:r Lo seal ag:tinst 
moisture. 

The metal t&scoping tail ix shown in tc’igtrre 14. 
It is composotl of :I, housing cup (t#his is t,hc: same 
housing cup used for the strortmer tails, and the tIwo 
tails appear identical whcrr assembled on Ihe born t)), 
a tIelescoping cup, and a tclescoping hub with thrtx: 
folding VHIWH. The hub snd telescoping c:up are inside 
the housirq crop when the bomb is clu&:rcd, and the: 
houGng clip cover is 11&l in place in the snmc! wuy 
as with the cloth fitroftmer tnil. When releaficxl from 
the cluster the tclcxcoping cup ::tnd t,he huh spring 
OII~, and the VR~W in the hub open out. 

A relatively small number of t,lrese tails have been 
built and to~trxl. They gnvc: excellent, promise and 
it, is recommt:wlcd that, n sufficient, number be m& 
to provide for adequate field testing, with ft view t,o 
adopting this tail ftx standard for the E29Rl bomb. 

CENTRIFUGAL AKMTNG Fuzm FOR USE WITII THE 
TELESCOPING MIWAL TAIM 

The centrifugal arming f’uxe I4 for else with Ihe 
above telescoping mct,:ll tail is shown in JGgure 15 

and t,ho component1 parts in %igure 16. The oper:&n 
of’ the fuzc is quite simple. The firing plunger shown 
in Figrlre lGI3 is held in place by two cent,rifug:ll arm- 
ing pins (Figure 1 Cl?), which fit, into n continnous 
groove in the firing plunger. Thosr: mu,kc the fuxe 
safe innt,il sufficicxit ccntrifugnl fortx: p~dlx the pins 
:tway from the: grooves in t8hc firing phmger. ThiF 
action can Ix: rrgulated nt, any rprn by varying t,lre 
strength of the arming springs (Figure lr7G) b&d 
the arming pins. A keeper tipring (Figure 1W) is used 

t,o prevent, tlic firing plunger from drifting onto the 
primer after the fuzz: ifi armed. T11r rtdvnntagcs of 
t>lris fuze are its increuxed sensit,ivity after arming, 
complcle sealing of tlic fuze meclirtnism from mois- 
ture, eliminatIion of cxtcrxitl safety pins, case of as- 
sc:mbly into the bomb, absolute safety during han- 
dling, and elimination of air bursts. 

Some two lmntlred frlzes of this type have been 
dropped. 7’1~ arming rpm has boc:n v:tried from 
1,750 to 3,200. A firm1 rpm of 2,200 was used as an 
average operating ~pcctl. 

30.8.3 Chemical Efficiency of the Rornh 
A riimiber~ of tests were mstlc to determine the es- 

tc:rrt, of Ihe decomposition of mustard gks in the E29 
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I>ERIVA’I’ION OF RESUIJX PWI~ICW:I) IN TABLK 1 

The following theoreticnl beatment is based on 
methods used by the Project Coordination Staff, 
CWS, which have been applical~le to nonpersistent 
ant1 persistent, fsus bombs, from tInta. on :b large: 
number of ficltl triftls. 

Only the dosages in open ICVC:~ tJc:rr:.bin have: hc:cn 
(.~slculutecl and no consider:bt,ion has 1~x1 given to 
possihlc pillaring of the cloud. 

The basic q&on of the Rrit,ixh diffusion t,hc:ory is 

c-39) 

where Tl is th dosage dnvolopcd at, a point, ~,,q,x in 
qxxe, when ~1 weight W of :bgc:nt is rc:lc:Mxl :tt, u poinl 
wit,h n wind speed of V, and t,nrl)ulcnt~ rnc(,cnrnlogical 
conditions representA hy i%, ,i, ttntl 11~. 

lvhorc: “EC” is the rat,io of wind velocity at, 2 m to that, 
at, I m ahove the: ground over a standard prc:p:brt:d 
area. 

TI-u: center lint: dosage near ground level can be 
g1van as 

(31.) 

(32) 

:~nd t>hc half widt,h of Lhc cloud (dcfincxl as t,hc tlis- 
t,nncc: from the centcrlinc: of t,hc! cloud to the: point 
:It, which the dosag;c: is 0.1 of 1,li~ c:c:nt,c:rlinc: dosage) its 

whcrc Ka = 0.93Ka/7G. 
‘1‘1~ following table of “72” valuon rc:prc!st?nt,s tlvCr- 

age: values for the gross mt,t~c:orologic:~l c:onditions 
shown. 

TABLE 2. Sumtnary of “R” vnlues to be used for 
meteorological combinations. 

-..- -” ---===...-, 

For “W = I. I4 and u = 1 mph, the vuluc: of w is 

1.794. %vcrsl values of 7)~: and ICW ~trc Rand from 
tlic c:onr:c:rit,ration range slide rule and val~~os of K1, 
&, rmtl fi’, computcxi. Table 3 contains the valu(?s 

TAII~,E 8. CJculation of tht! numericnl valncs of RI,* 
K,,t xnd K,f for ncutrsl conditionti, with wind sp~cd of 
4 mph for n sonrcc strength of 1 Ih of agent. 

ICW 
( mg-m i n / 

sq Ill) 

100 40 1 40 780 780 
1.50 IX 2.07 37 550 

L38 
790 

200 II 3.47 38 420 1.M 780 
400 3.5 12 42 23) 3.47 800 

* ilvm~n h-1 = Xl. 
f Avrriter & = 790. 
$ AwaKe 1L, 7 18.7. 

thus calculated for LL source st,rc:ngth of 1 lb of agent f 
By :t series of HIIC~I cdc~~lat~ions, the values sum- 

marized in Table 4 were ohtainotl. These vnlues arc 

TARJX 4. Surnrnary of the numericnl vnluas of Ii,, ICe, 
K,, “, and w/t2 for various gross meteorological condi- 
tionH for n point sonrcF: of 2.34 lb of agcnl. 

-_ 
Wind speed Clcnr Neut~rd Clelti- 

(mph) Gmstmt dv cOnditiOnS night 

32.2 
1,710 

49 
1.818 
0.909 

15.2 
86.5 

44 
1.518 
0.909 

11 
468 

40 
1.518 

O.!)O!) 

177 
3,400 

18 
1.794 

0.x97 

92 
1,850 

18.7 
1.794 

0.897 

54 
1,000 

17.3 
1.794 
0.897 

550 
6,450 

II 
1.810 

0.806 

164 
2,100 

13 
1.674 
cm37 

. . 

for 2.34 lb of agent,, which is the amount given off 
try tlic: JC29Kl bomb. 

The disl,ribut,ion of t1os:l.g~ across the width of th(: 
cloud is given 1)~ 

D = Dee -d(u/ Y)” , (34) 

whcrc Y’ is the half width of the cloud. This is pre- 
sented graphicallv as curve R in Figure 17. For con- ., . 

Wind speed Cleul Neutral Clear 
mph day conditions rright 

vonionnc! in t,hc later mathomntical trentmen t, this is 

-- -.. 
1.14 

rc:placctl by the: st,raight lint: marked R, whence 
2 1.08 1.25 
4 1.08 1.14 1.18 I. I7 X Half width - y 
8 1.08 I.14 D= DC 

1.17 X IIalf width ’ (35) . * 
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0 

FRACTION OF HALF WIDTH OF CLOUD 

or 

and t,he area enclosed by the isolinc of dosage equal 
to 11 is 

A I) = 2 S y&r, (38) 
c)I 

DOSAGE 

AREA 

'rABl,E 5. ~urnmwy of cocfficierkts for the n,rt?:rdos:tge 
equation (41) for x point, snurcc of 2.34 lb of qgcnt. 

7. -. ,..- - 
Wind speed Cl& Neutral Clear 

(rxqh ) Constant, day conditions night 
.““... 

-- --~ 2 JL 1,110 2,530 7,940 
KS 1.0501 1.0574 I.1211 

4 114 554 1,320 2,130 
KS 1.0501 1.0574 1.0974 

x Kn 297 890 
Rs 1.0501 1.0574 : ::: :: -. 

IA a quantity be definotl that, measures the ef- 
ikctivcneas of a munition in producing :t dosage H. 
This is tlich quantity used by the Project Coordination 
Staff in computing munition expnditures. Gruplii- 
tally it is Mined as the cross-hatched area in Figure 
IX. Mathematically it is given as 

[ 2 2 1 L)- (m + 2)/h 

7Yh + 2 :3m + 2 
' (40) 

where Aa = area in hundreds of square yards. This 
cm be writtvri :LS 

A, = Ii-r&J-“’ . (41) 
l?or the met~eorologicul c:ornbinations givr:n in Table 
2, tllc: values of K, and KS arc given in Teblc 5. This 
equation pretli& t,lie area enclosed by any ixolinc 
and tlic numerical v&e of tlio dosage on Ihat, isoline. 
This type of equation has hcen quite useful in cor- 
rt:lut,ing data from field rlxpriments on mustard gas 
lm11,s. 

In evalua.ting &:I/, I; is cllosr:n to be taken either as 
50 or as the centcAine dosage 100 yd downwind from 
tlic wurce, whichcvcr gives the Iargcr value of RH. 
This is, of rourso, somewhat, arbitrary, but it con- 
forms to some exlcnt, with the procedure used by the 
Proj& Coordination Staff. 

If N bombs are droppc:tl in a target, arca 2’, the 
fraction of the area covered with a dosegc! qua1 to, 
or greater than, I-r is given by 
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FILLING HOLE 

1P’l 

= 

FUEL CO M PARTM” 

19.5” 

Preliminrtry model R-l of thermd gcner- 

Vor the unitti used here, and for an impact density of 
64 lC291tl l~rnl)s per artillery square, which rcpre- 
sent>s approximately the maximum concentration of 
bombs that may bc expectled from aimable ClustCrS, 
this I~~M~IP~~ 

Using equations (46) ant1 (44) and the values of 
Table 5, the c~xpc:c:tc:tl rcsult,s from a density of 64 
bombs pc:r arlillcry square were computc:d. These 
arc given in Table 1. 

30.9 A LARCER TTTERMAL (:ENERATOR 
CLUSTER RC)MR 

Exporirncntal work was also start>c:tl on a large1 
thermal gcncrator bomb of t,he type dcscrihcd above. 
This was cl(aignuted the I< model. It, was 19% in. 
long with :t hexagonal cross s;c:ct,iorl 3.64 in. ftcrow the 
flat, sitlcs. A sketch of the: cxpcrirnental motlcl is 
shown in Figurt: 19. It, contained 1,500 g of fuel and 
lid an agent, capacity of 2,000 ml. Several succcnsful 
st:it>ic runs indicated that, a thermal generator of this 
size and shape would function satisfactorily. Thr: wdr 

was stopped to concentrate all effort on the smaller 
E29 size. This latter was a size and shape! which 
wt,uld fit into existing clust,crb adaptors. The K model 
was not a suitahln sizo to fit exist,ing cluster adaptors, 
and developmnnt, of this size cluster bomb would have 
required a new cluster’ adaptor. A better choice lor “J, 
larger bomb would be a cylindrical bomb about 4.G in. 
in diamctcr and 19’36 in. long. Thin size could proba- 
bly bo clustered in existing 500-lb cluster adaptors 
with I4 bombs per cluster. 

30:1 0 A SO-LB N.C)N(::LlJSTERING TIIKK- 
MAL GENlTRATOK BOMB 

A SO-lb nonclustcring Lhermal generator colorecl- 
smoke bomb for use in target iclentificntiorl hss been 
developed for the Navy p8 and designated Mark 72 
Model 2. The bomb functions best-in a horizontal 
position but, is not critical as to functioning position. 
It is intcntlotl for use lrom low nltitudcs and employs 
a parachute to reduce its impact, velocity. Tests have 
been made with mustard gas in this bomb, and 
promising results were ohtained.4RT i,” This bomb 
might prove cspcoially useful for &ting up high 
concentratioIis on local strong points, pill boxes, 
caves, etc. The bomb is tlcscribed later in this 
chapter. 
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I 7. NO.2 

\t-el/(----- / 
l GASKET I 949 NO.4 

CT-““--- 
Frarrrm 20. Dimensions of Vcnl wi xccl,iims. A11 Vcn- 
t,wi 1,hronts nre ?i inch in dinnwter ler&h nf pnrallel 
section :ts indicated: 

No. I -.- Rolled from shccl rncl,d and wcldcd 
No. 2 - Highly finished mn,chined Ventwi 
No. 3 -..-. Kcrugbly finished machined Venturi 
No. 4 - Mschincd rind highly finished. 

30.10.1 Development of the E2ORl 
Bomb 

The: salient, problcrns cncountcrcd in t,he ckvclop- 
rnpnt of the E29Rl bomb and the solutions to these 
problems will be discussed briefly. For further de- 
tai1414 as to the actual test,s the original report L 
should be consulted. 

~XI)INC: ‘I’H I+: ~:I+:NY ‘1~0 WIK HOI~ C:AR STREAM 

The development, of the bomb was carried out con- 
currently with that of the potIs (lc -7 d I’- 7A) which 

I incorporated a completely closed agent, compartment. 

The problem of feeding the liquid agent into the 
high-velocity hot gas at, the pmpcr rat,c: was therefore 
cnc:ountjctrotl. Tt, was proposed to use the prctssurc 

from the fuel g:~?s t>o feed the liquid by drilling :I, 
small hole in ttic: sgcnt, compartment bottom and 
sealing this hole wit,11 a low-melting alloy. This design 
was unsatixfact0r.y because variations in the fucl- 
block pressure, callscd by irrr~gularit,ies in the burning 
rate, allowed the liquid to flow into t,hc fuel compart- 
rncrlt, arid quench the fuel. This tlifEicult,y was 
eliminated by placing t>ha vent hole near the top of 
the vapor mixing tuba. The pressure difference be- 
tween the Venturi exit and the Venturi throat was 
then used to feed the liquid into the throat. The use 
of a tube connecting the fuel compart,ment with the 
void space above the agent, or a check valve to keep 
the agent, from leaking into the fuel, were discarded 
bccausc? they would complicate the construntion. 

The results f~~)rn a few early mod& made it, evident, 
that the design of the vaporizer would have a pro- 
nounced effect on the feeding of t,hc ugcnt. Tests wcrc 
therefore made to study the cffoctn~ of variation in 
this design. Two modifications of the V(:nturi, in- 
tended to simplify lurgc5sc:ale manufacture, were 
tried : (I ) The 7” diverging s&ion was rcplaccd by H 
wc~ltl~ti sheet metal 90’ diverging section, and (2) the 
Venturi was machined in a separate piccc which 
scrc:wc!tl into a Venturi sleeve. The first design of the 
separate Venturi contained H 90’ divergent section. 

The 7” tlivc!rgent section was omitted because it, was 
t,hought difficult, t,n manufact,ure. The Venturi was 
designed as a Kcparstc part because it, would be dish- 
cult to obtain access to the main feed hole for the: 
soldering opcrat,ion in production, it’ the Venturi was 
an integral part, of the: bottom of the agent, compart- 
ment. The designs containing the 90’ tlivcrgent sec- 
tion were unsatisfactory because the pressure dif- 
ferential between the vapor discharge tube and the 
throat was not, sufficient to feed the liquid agent,. 
Several tests were then made with air (but no liquid) 
flowing through various nozzles in which tJhc pressure 
at the: throat, am1 t,l-lc? pressure in the vapor-mixing 
tube wcrc mcaswwl. Eiguro 20 shows skotchcs of the 
nozzles whic:h wcrc t&cd. Figure 21 shows the pres- 
sure available for feeding liquid as a function of the 
air velocity for each nozzle. This pr’cssure was nega- 
tivc at any air rate when a 90’ divergent section was 
used. When a 7” divcrgcnt, Vcntnri section was used, 
the prcssurc available for feeding liquid increased to 
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n maximum md then decreased with incrertdng tlir 
rate and t)c:came negative at, high sir rates. The 
Venturi used in the 1C29 was the same as No. 2 
(Figure 20), and wr~s B xcpar:lte piece. hdtlitionnl 
clualitative tests indic~~tatl thalt, the cylindrical section 
ut, the throat! should ha no longc~ than the throat, 
diumctc?r, and that the cylindricul thro:Lt, :mtl conical 
divergent, section should he co&d. A well-rounded 
inlet was usctl to minimize the fuel compd,ment 
pressure. 

TGgure 22 xllows the! effect, of gas rate (or fuel burn- 
ing rate) on the prcssuro av,zilnble for feeding liquid 
::LS measured with no liquid flowing. Pressure t,aps 
were mounted on the bomb before assembling it wit,h 
>L fuel block in the regular way. Wit,h a fast-burning 
fuel block in the bomb, the pressure available for 
fcoding the liquid increases to :1. maximum, then falls 
off and becomes negutivc for >m instant, as t,he fuel 

l)rlrns progressively fdcr. With a slower-burning 
block this pressure is positive throughout, the run. 
The pressure reversal wit,h fast blocks: ~8s rwponsible 
for failure of the liquid to feed during parb of t,hc: run 
in some cases. The pressure avdulJc for foctling 
liquid is less than shown in the figures wllc:n liquid 
is actidly being fd. 

MeasrlrcmcnLs of thrh fcding pressure in the bomb 
Venturi were mrtdo wlicn w&r was being fed and 
comparable meftsurerncnls were: made with oil on a 
Venturi instded in :~n ~irplunc: smoke generator. 
Tests were also made with stir flowing through the 
Venturi and water being forced tdn~~ugh the feed hole 
with a pump. The duel comptlrtmcntj prwsure and 
agent compartment pressure wcrc measured. The 
throat pressure was cdculated lor the same air rate 
by subtracting the pressure difference from ttlc: fufd 

compartment to t,he throat when no liquid W>LB flow- 
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TOTAL TIME- 3.7 MIN 

ing f’rom ldl(: mc:~8urd fuel compartment ~I’~SHIII’~: 
whc:n Tiquid was being fctl. By direct, measurement in 
:mothw apparatus it \YLLLS fond that, within t,he range 
of flow rates used, this prc:ssurc! difference is inde- 
pcnth!nt, of the liquid fed r:ttc:. In Z’igures 23 and 24 
the ra,lc~ of liquid feed at 11 given prcxsurc: drop across 
the fed orifice can be compitred al, s(:vw:bI gas flow 
rates. I%(: pressure required to fed the liquid (meas- 
ured prCssur(! drop across the fcctl llol~) ant1 the 
pressure :rv:tiluhlc in the bomb for feeding liquid (gas 
(lischwge pressure minus thront, pressure) are given 
as fun&ns of the liquid fwtl rate for t,hree different 
air ratw. The intersrction of wch of these pairs of 
1inc:s gives the espcctrtl liquid feed de in t,lie bomb 
corresponding tjo a given air r::btc~ For the nwrow 
r:tngn of c:xpectJed liquid feed ral~s covered by the 
d:tt:t, t licw rates appear to he rclativcly constant and 
indcpc:ntI~x~t~ of the g:ts flow rata. This conclusion is 
not definitely estnhli&ed lent, botJh b’igures 23 and 24 
indicrttc: this. 

This conchlusion must, necessarily hrcnk down at 

tlic: prossure reversal and prob:tbly at lnwcr gas flow 
rates. 

Figure: 25 shows the relation between the liquid 
feed raLtr ~ntl the: pressure upstream from t,he 
Venturi. 

30.10.3 The E29 Design 

Tlif: first, design produced in any qunnlity 1)~ pro- 
drration rncthotis was given the CWS desigwdion 
E29. Ahorrt 500 t)omt~ tdies of t,his design were 
m,znufact~ured. These wcr~: 1ic:xagonal with a cylindri- 
cd tail cup. Tests in which Ihis l~omh W&H firctl from 
a. mortar against concrete ifitlic:st,ctl tliRt, the: fud 
would withstand SIKJ~ impact \viLhont lwcxking. 

A pol~lcrn ww cncounteretl in carrying the flash 
from the? primer in the fuee down to the Quickmutoh 
in the vapor mixing tube. A small booster tube was 
used l~dow tlic: primor. Several types of powcler were 
tried in this hoostcr tuba. To avoid blowing back 
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Fwum 23. Effect, of nir flow rate on rate d feeding 
water in a,n E29 Vent>uri, with 0.07~5irloll feed hnlc. 

through the primer, it was ~CCCHS:UI’~ that this pomdt~r 
should not pack tightly in the tube. A grained powder 
containing potassium perchlorat,c: and grained nlumi- 
num gave the best result>s. 

THK Ckww STREAMER TAIL 

I%: E29 bomb was fittctl with a cloth streamer 
t<ail att,aahed to a ring in the: tail cup. A number of 
drop t,csts were made with this bomb. These indi- 
cated that the bomb was not sufficiently stable in 
flight. Many of the l~ombs landed flat. The cc:ntjc:r of 
gravity of the thermal gclncrator bomb is farthor back 
from the nose than in the M-69 incendiary bomb. 
Therefore it, rtquircs a different tail dosign. 

Thcst: first production bombs functioned well 
c:nough to give promise that, a satisfactory thermal 
gcncrator bomb could bet dcvelopecl. Several faults 
wcrc evident, and a new dq:sign was maclr to eliminat,c 
these. 

30.10.3 The E29Rl Bomb 
Clusteriag Bounds. When the hcxugonal shape of 

the E29 bomb was chsngcd to the: cyiindrical E29rt)l 
it, was not certain that the: lattrr co111d be held firmly 
in the cluster adaptors without shift,ing. Hexagonal 
bands were therefore provitlcd at each end of the 

0 022 CU FT PER SEC AIR WOF,l ATM) 
B 0.19 CU FT PER SEC AIR (60 F,l ATM) 
A 0.17CU FT PER SEC AIR 160 F,l ATMI 

I’ 4”s” 
30 SO 100 200 400 600 1000 

LIOUIO FEED RATE 

bomb as an aid in clustering. The outnide diamotor 
of the bomb was made slightly smaller to allow room 
for thcst: bands in the clustnrs. hft,cr several clusters 
had hc:cn assembled it was clear that, the round bombs 
were no more difficult to clust,er than hoxagonsl ones 

and that, t>lie bands were not, nt:c:dc:d.“” 
Agent Feed flystew!,. With the separat,e Vt:nturi de- 

sign t,here is the problem of holding the ngcnt in the 
agent comp:vtmont, withorlt leakage during storage: 
and handling and at, the same time providing for its 
easy flow during functioning. Several designs involv- 
ing gaskot>s and fusible seals were tcst(:dz5 An cxccss 
of fusi t>l(: m&l in the feed channc+ mllst be avoided 
since this is often slow in melting ant1 can solidify 
and block the channels when the cold agent, flows 

over it. Intermittent, feeding in a number of cases was 
traced t,o this cause. The latest design used in the 
bomb is satidactJory but could be simplificcl. 

Slag from the: starter layer of the fuel block was 
frequently blown up into the Venturi :~nd lodged in 
the fnctl hole. A baf?le was provided to avoid this. 
This hefFlc is a disk of sheet, iron, j/i in. Mow the 
entrance: to the Vent,uri, held in place by three radial 
arms. Three: stops are also provided above the baffle 
to provcnt il from closing the entrance: to the Venturi. 
TIN hafflcs first used did not, hnvc: these stops and a 
numltir of bombs burst, whnn t,hc fuel block gases 
could not escape. 
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case and tlrc nose. It has a wall thickness approxi- 
mat,elg equal to the comhincd tlrickncss of t,he fuel 
corGnc\r and bomb (:a~(: of the E29RI. bomb. The 
large member of impact tests made on t>he E29 ant1 
TC29Kl bombs indi(:aLcd that the fuel block can willi- 
stantl impact without, tlic protJect,ion of a special 110s~ 
struclllre. Ry elirninatJing the void spnc:c: in tlic~ nontr, 
ttif: ctqacit,y is increased and t,hc mass c:cnLer is 
ncarcr the noso. 

‘I%(: Venturi is to bc forged as an integral par% of 
the: agent compart,m~nL bottom. The fuel c*omp:trL- 
rncnt is threaded t,o screw onto the ngont, c:ompitrt- 
rncnt. The feed lrolc is readily accossiblr for soldering 
belore assc:mbling the fuel block to the bomb. Tho 
rest of the agent compart,mt:nt, is essentially the same 
as in the E29Rl. The bomb is quipped with the 
metal tail tlcscribed earlier md Lhe centrifugal arm- 
ing fuzz:. 

The proposed design includes three sepsrato as- 
semblies: thr nose containing tbc fuel, the body con- 
taining the agent, and th(! tail. ‘l’hcse assemblies fit 
togethnr will1 screw tlrrcads and permit inspection 
and stxp:Lr:lLe storagr of t,lic fuel, agent, fuze, and tail. 

30.11 011, SMOKE POTS 

30.11.1 Floating Oil Smoke Pot, E-23 

A t,hcrmal generator float>ing oil smoke pot utilizing 
the high veloc:it,y vaporizer principle was developed 31 
Lo meet, specifications set, by t,lrc Naval Bureau of 
(3rdn:mc:c?.“U These spc!citio:r,t,ions were as follows: 

I. It, should be the: thc:rmal generator type:. 
2. 11 should protliicc: :*. nontoxic smoke. 
3. It, slrould have a burning time of IO to 15 min 

tlur:.&n. 
4. It, ~hoult1 pr.orluc~ 8’ volume of smoke compara- 

hlf: Lo lhe ;\/I lh2 pot. 
5. II sl~ould be siiitablc for mass protlii!:Lion from 

rc::ltlil,v available niat,c:riuls. 
A. II should not, I)(: subject, to sporit,anc:oua ignition 

from the efGc:tJs of moist,ure, water, or rough liari- 
dling. 

7.- When burned at, night, it, sllould not be visible 
from aircraft, flying at an altitudr: of 1,000 ft, or’ 
higher. 

8. It, should have a rncahanical type of igniler, 
such as either a bouchon or scratcher igniter, and it 
should also be equipped for eloctricsl ignition. 

9. It should occupy a space no greater than I3 s in. 
diameter by 13% in. high. 

IO. Tt, sl~ould bc completely waterproof and moix- 
ture proof, and should functJion in a satisfactory 
m:mn(?r from 0 F to 120 F after being subjectted to 
tlic: stuntl:trd Chemical Warfare 8f:rvice desert, tropi- 
cal, and arc:Lic surveillance tests for 90 da.ys. 

I 1 It, should funct,ion. satisfactorily after being 
srlbjccted t,o a drop of 40 ft, into watc?r from a station- 
ary position. It, should also function satisfactorily 
:tfLt:r being subjectSed to a rough liaritllin~ test, simu- 
Ming the handling normally encountered in ship- 
ping, storing and use. 

12. 5htisjuclo~y fwhhing is considered to be at 
1casL 9O(i/o funct,ioning with normal volume? of smoke. 

13. It is considered tlcsirublc to inc:orpr)r*:tt~P a 
feature in the floating srnokc pot which will inaurc 
that it will sink wit,hin 15 rnin after the complclion of 
burning so that, ships dropping floating stnoke pots at 
sea will not, mark tlrcir course with them. This feature 
should be incorporated only if it will not interfere 
with or delay th(: fulfillment of the above require- 
merits. 

The pot W:M tlcsignated, Pot, h’moke, CM, Flontin,g, 

7C --S’S by the Clrcmiaal Warfare Service. Apparently 
it, will meet, the specifications set by the Navy, except 
that no provision has been made for the empty pot; 
to sink wit,hin 4.5 min after functioning. This was a 
casud requirement and the final model was consid- 
ered Lo be satisfactory. 

The principle of operation involves vaporizing a 
high-boiling petrolourn oil in a high-velocity st,rc:um 
of hot, gases. The: vaporized oil-gas mixture leaving 
the unit is coolctl by entrained air, and c:ontlensaLion 
of the oil vapor into small droplets forms :I screening 
smoke. 

The unit, caonsist,s of (I) a t&l blorlr in one corn- 
partmcnt, to produce hot gases, (2) the oil in a 
st?pnrnt,c: oompurtmen t,, and (3) :L high-velocity 
vaporizer tube in the form of :L Venturi. Another tuhc: 
connc:c:t,s t,lle agent, compsrtmcnl and the fuel com- 
partmcnt, and permits prossure from t,llf: fur4 corn- 
partment, t,o force the: oil Lhrough an orific:c: into t,he 
Venturi throat. Hf:rf: the oil mixes with t,lrc hot gas 
stream flowing through the Venturi. Tlic: high gas 
velocity atom& t,he incoming oil stream and the 
droplets are quickly vaporized. 

The rate of feeding is governed by the pressure 
differential between the agent compartment and the 
throat, the size of the feed orifice, and, to a minor 
extent, by the resistance to flow through the fet-4 
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BOUCHON FUSE 

b I 

F~ctnn~ 30. Ptrl , smrrkc, oil, floating, b-23. 

tube. The ratio of :Lgc:nt, to fuel is limited by the 
available heat in thr: fwl gasw rind the efficiency of 
the vrtporisdion proc:c:slr. 

FigIwc 3O”dlows the design of the floating smoke 
pal. Xc c:omplctcd unit, weighs M.5 * 0.2 II). This 
idutlw 14.5 lb of SGIC No. 1 oil MH~ 12.1I; 11) of fuel. 
A bo~~chon fuz(:, modified t)o give :t delay of 12 to 
22 set, serves 1~s 11-w igdion sys;trm. The ypil from 
the fuze ignites the Q~~ic:kra:r.tc:h on Lop of the f’uel 
blwk; tJhi8 in t,mrn ignites Llw Hrilish stj:wtJc:r. TTot, 
gasw from the fuel bloc:k immc:t1i:~t,c:ly melt, the 
fusildr: plugs, opening die feed orif& :~ritl t,lw pmxsure 
tube. Oil is fed from the bottom of t#llc: :uuu~l:~lr space: 

tliroi~gli ::a fwrl tube int,o the feed orifice :1L Llw Lllro:~~.t, 
of the Vr:nturi, and t,he mixt~ure of hot ~:‘HSCS :~1,11d oil 
wpor pass t>hrough the Venturi int,o tdw air c:h~d~c:~ 
and tlwn to the atJmosphere through four J/2-in. 
diametJer exit portJn in the cover. A S-in t cli:tmet~er 
“collar” in tlic air diarnlwr provcds contlensat,ion 
from taking plaw al l,liis point. 

I:lynrs. Table 7 sl~ows thr: compositJions :md weighLs 
of c:ac:h of these layers. A c:ompl(!te discussion of the 
fuel is giwn in Chapter 4.a1 

The :mlmonium nitIrate and wnmonium chloride 
are plawtl in an edge runner rnixcr and the oil is 
slowly rtddecl over a Al-min period tluriug mixing. 
Charcod is then ~titi~?d and mixed for I (.i min. Trnnui- 
tion mixtlrres w(: made by blentling top :md base 
c:omposiLions in the desired r:ttio for 3 to I min in the 
edge r11111icr. 

These mixLurc:s :lrc $res;sed rmdrr :L tlwti 1o:ttl of 
X t80ns, or 1,380 psi in six incremenls. h wootlr~~ r:lm 
arid 8 steel form ftrc irwl during t,lw prcwin~ opc:r:b- 
Con. The presarw is ldtl on each inrrcmcnt for :~ho~lt~ 

5 to IO sec. Before pressing the final increment, 40 g 
of British stader is pl:tc:erl in n ring about 1% in. in 
from Lhc edge of t<lie can. 1’11~ Hritish starter has the 
following composition: 

C:hltl’CoLll (j’Xj 
T,inseed oil 275 
KN& 53”%> 
Silicon wj/, 

The block is :tllowctl t>o cure for one day, and then 
two noats of a special pyroxylin base lacquer are ap- 
plied to the surface. Waterproof Navy Quickmatch 
is tl& fastened to the ~~dac:t: with tacks. The com- 
plctjc:tl block is stored for aI, Ic:M~ three weeks in a dry 
room (dative liumiditJy bf+)w 5c)‘yCJ) at a temperature 
below 85 I?. During t>lie curing pwiotl, tlic lirifiectl 
oil polymeriws wusing the block LO h:t.rtlw :~ntJ its 
burning rate to inc:rt&:. The block, after clwing, h:~ 
a burning timt: of I2 miri * I .5 min wlwn 1~11~ntxl in 
thn IT 23 smoke pot. 

The fuel block dwwilwtl above was used in the later 
motlels of t,he E-23 :mtl served for the completion 
of the design. It \+‘:M rwlized that, it lid ccrt,nin 
faultn such as, (1) :1 lmthcy for t,he burning time to 
vary wmewhntJ, (2) ocaasiowl fast burning periods, 
(3) informntion needed for Lli(: specification of the 
clwwd was incomplete., and (4) tJhe pressing pro- 
cedurc and t>he number of mixtures u~erl ~could 
probably IX: simplified. P:tpcr linws for t>he f11el Mock 







OIL SMOKE POTS 

evt~y hour for 100 consecutive days to a conccnt~‘a- 
Lion of (is mg per (XI m of SGF No. I oil in ~110 air. 
The conclusion was drawn th:tL fiimilar esposurc! of 
rncn \vould be witholl L serious pulmonary effects. 

l3urthw tests on tlic: toxicity of oil smoke WCI’C: 
matlc in connection wiLli the E-21 training smoke 
pot.“” 

Flontinq Stnbilit~~. The initial problem with the 
floating pot, was to design tlrc: pot to float and func- 
tion in :I saltisfactory manner. In the earlier pots for 
use on land, the oil was carried in a compartrncnt 
above t,he fuel compartment. Since the weight of the 
oil is greater Lhan the: weight of the fuel, this made 
the pit top-heavy and caused it to turn over in tlrc 
wat<er. B~~o~yaflcg may be provided by simply in- 
creasing Llic void volume in the oil compartment, lmt 

Lllis nllow the oil to run t>o the top of tllc: pot when 
the latter is invcrtctl in the water. The: pot, would 
Lhcn be st,ahle in this invort,ed position and would not 
right itself. The pot WL~S thus designed Lo confine the 

oil as n(‘ar the bottom as possible and to prc-,vidc a 
separale l)uoyyant:y chamber rtL the: top. About half 
the oil is carricxl in an annular sp:-lc:c? >wound the fuel 
hloclr and the oL11Pr half directly ahovt: the: fuel com- 
partmenl. 

Thr nest step was to provide for ftbrtling the oil 
from tlifl l~ot~tom of LhP pot, up to the higli-velocity 
v:tporizcr above the I’uel. This could be arr:mgc:tl by 
lP:i.~ling a feed t&e from thcx bott,om Lo t,llc: fctxl 
o&tic:. Howt?ver, t,he pot Lmtls to float on its side ant1 
this t,utx: would not, f’eed oil if it, happened to be on 
the higlr sitlc with its inlet end out, of the oil. This 
was overcome by weighting the pot, cccnntrically RO 
the pot, would float, with the feed tube on the low sitlc. 

Prewm-iced Feerhg. With Lhc arrangement just 
tiescrilx:d tlic suction at t,lie fcctl orifice was not 
enough Lo lift the oil and feed it uniformly. A pres- 
surizing tuba was provided connecting the fuel com- 
partment with the upper part of the oil compartment. 

8.250" 

This raised the prtrssurn in the oil compartment, and 
forced t,hc: oil up t#lirough the fectl t>ube and fcbctl 
orifice. 

3 0 . 1 1 :! Nnnfloahg (31 Srr~oke Pot, K-20 

Tlic E:- 20 themal gonrrntor oil smoke pot, for use 

on land or in boatIs is sllown in Figure: 33. The pot 
functioned on land for ci rnin and weighs 2 1.5 lb. Ten 
pounds of fog oil in a separate agent c:ompnrtment is 
used as tllc smoke-p~otllrc:irlg agent, while hot> gases 
arc supplied 1)~ a cnsl fuel 6Zock weighing li lb. The 
unit, is ignited cithcr electric:ally or manually. 

Texts were matlc on the E-20 pot, at the Atnplrib- 
ous Training Base, T,ittle Creek, Virginia, in January 
1945. The following conclusions a4 were reached. 

1. Th,zt, the volu~nt! of smoke prod~~ced from tha IX-20 
smokr p(.!I is ali&tly grealrr thnn one-half thrtt prodllced 
by the Mk-3 smoke pot,s. 
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The Id:- 21 pot, meets tJlrcse specifications \vith the 
except,ion 01” the burning t,ime. This is less tJh::Ln the 
2 to 3 min specifictl. 

The: principle of opc:r:ttion involves vaporizing n 
high-lding pet,rolr:um oil by irrjccting it, into it high- 
vclocity stream of hot gsa!x. The oil vapors thus 
formed we coold rapidly when they mix with the Hir 
oul,c;idc the unit, rtncl coritlcnse to srrdl droplets. 
These condarisd oil droplets form t>he screening 
smoke. 

The unit consists of (1) n fuel block in one com- 
partment, to prndrlce the ho1 gases, (2) Ihe oil in :u- 
other compartment, and (3) u high-vdocity vaporizw 
tInbe. This l::~t,tcr is in t)h(: form of R VcntIuri and t,lw 
low pressure :Lt the thro:~Lt is utilizd to suck the oil 

!.I 

A 

1.625” 

1; E 

=z 

OIL 

FUEL 

VENTURI 

VAPORIZER 

~VIGIJKU: 34. I+-21 oil Bmokt! pal, (bining). 

into the hot ~:LS stresm. The high gss vdoc:ity 
atomizes the incoming oil stream ad the small tlrop- 
lets are quickly vaporized. 

Tlic r&e of frdin~ oil is governrd hy t#he pwsaur’e 
differential between the oil compertmcnt :tnd the 
Lhroat, as wdl tts by the size of the feed orifice. The 
ratio of oil IJo fuel is limited by the nvailulde heat, in 
Ilie gasns and the eiYicir:rwy of the wporizat~iori 
procws. 

Figure 34 slrows an assnmhly tlruvving of the l? 2 1 
smoke pot, and Figure 35, a. phot,ograph, 

Oil and Oil Co7rLpnrtrrrent. The oil comprtrtmcxit 
contains 107 g of SF--l oil or N:tvy Icog Oil No. 1. 
The Venturi tube, which wrvw >LR the high-velocily 
vitporizcr, passes vertically t,hrwgh the ceder of t,he 
agent, compwtment and has a feed oriticc: 0.076 in. in 
dittm&r (drill size No. ~48) tlrilled radislly at, t,he 
throat. T(otB the feed hole ad the vent, hole at, the 
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VAPOR EJECTORS -\----.- 

VAPORIZER - 
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WRNER PREHEI\TING 

ONE GASOLINE PRESSURE GAUGE CONNECT,ON 
ONE-WATm PRESSURE GAUGE CONNECTION 

30.13 (:OT,OREL) SMOKE M li NTTIONS 

N. I 3 .I Floating Colored Srtwkc Signal 
(DS-4) 

8rET'lb'lC:.4'I'IC)IL'H 

TIN? clevelopmt?nt~ of fin improved daylinw floating 
dktress sipd was requcfitod at it conference wil,ll 
rqwesentrdivw of the Air-Sea Rcxc:uo Agency in 
Sq+mher 1944. It WLS specified that, the signd 

should wnform to Couxt, (:uwcl specifk:&ns which 
limited 11~: size t)o 7 in. in diameter :~~ntl IO in. 1Cgh. 
The signal \Y:LS to give :tn omnge smoke vinihle from 
5,000 ft, rtltitutl(? and tw;o milrc; riistarw for R period 
of at8 least 4 min. 

Colnrctl smoke signals are cornrnonly mde of 
intimate mixtures of pyrotechnic fuels :Ind volatilt: 
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organic dyes (for example, mixtures of K;CIOa, 
lactose, NaTT(-31.1 and dyes). These mixturt:s require 
a. fuel with n rcbtively low heat of combustion. Thcrc 
are also restrictions on the ~h:y)e of the compressed 
Mock and on t,hc: tjurning rnt,c. In general, t,h: colored 
timoke clouds are small in volrlme and varinblc in 
color. 

Several commercial floating distress signals utilie- 
ing the intiwat,e mixture principle have heen on tho 
market, for :L number of ycxrs. It TVR,S felt that, n signal 
utilizing t,llc: Venturi tllcrrnal gcxiwutor principle 
wuld b7: developed t&t wo7M bc superior to tIhw:. 
This opinion was vorifictl by tcstn m::de on several 
commcrcittl signnln c:ompnred with :tn rxpr~ritnent,al 
moch:l of the therrwl generat,or.4S 

A n7lmbt:r of t>rsts were: made on tlifferent, models. 
The results indic:ttecl that, t,lle Motiol F- ci t,llermnl 
f;cnerHtor, in which there is a b:tlHe over the Venturi 
t,u be, would disperse t,hf: p7xe dye: &iciently and 
withornt decomposition. Sevcrsl uriitJs of this type 
had been matle up and tlemonstr:~7ted to repro 
sentatives of tJ77: Coast, C:uartl and the: Air-S::-7 Kescuc: 
Agency on Long Island Sormtl in h7ngust, 1944. The 
consensus was that t,lie uccv signal 44 p7tt out, :L great>cr 
volume and :t better quality of smoke tlnm t,he corn- 
mercial signals. Some tlificulty ~78 espc:ricncf?rl \vit#ll 
the: t7niformitJy of tbr f’eedilq ol’ t,he (lye, ad it was 
re(.:orarncnded that, frlrther work be carried on lo im- 
prow: the signal anti that, its size be made to con- 
form with the spc:cGicat,ioris. 

Tlir: Venturi thermal geriorntor principle has been 
discussed in the preceding lest. This priueiple was 
tlcvelopetl to produce :L smoke clo77d by alomieing a 
liquid agent in a high-vc:locitJy hot gas sl,ream. NH- 
scntially, t,hc generator consists of an agc:nt rompart,- 
ment and a I uel compartment. The hot gases from 
the burning fuel pass through a Venturi vaporizer and 
thr: molten dye mixture from the agent compartment 
fectls into the hot, gas stream at the throat, section. 
The dye mixturr: is atomized and vaporized in the 
gases and this mixture is discharged to the atmos- 
phere. It issues in a vertical jet which is cooled by eri- 
t,raining air and the dye vapors are condensed to a 
colored smoke 

The problem of developing a new type of daytime 
floating distress signal resolved itself int,o thrfw 
phases. 

1. Investigation of the properties of a mlmber of 

dyes and dye mixtures and the choice of the most 
suitable for 7Ise in this unit. 

2. Dosign of t,he unit, to obtain the desired heat, 
transfer for melting t,lie dye mixture. 

3. l>c:sign of the unit to obtain t>hc desire71 floating 
charac:t,eristics. 

In the past,, agents such as LXol 55, which remain 
liquid over most of the t~cmperaturt: range en- 
countered under field 7:onditJions, have been user1 27s 
smoke agents in t,he thermal generator. The pcr- 
centagcs of tlyc compornnds which can be dissolved 
in &se agents, however, is insrnficient, to produce a 
smoke having the color intensity nc:c:csssry for a 
signal. Thsw are several organic dyes having mt:lling 
points near 100 C which, when usc:tI in the thermal 
gener>bt,or, can Ix: meltd by tIhc hcxt ol th(: f77el block 
and fctl into t817c: Venturi as liquid agents. 

Proposed dyes were: ilividcrl into two categories, 
(1) those: that, do not> melt but, decompose \vilh evolu- 
tion of gas in the neighborhood of the nielling point, 
and (2) Giose which rriclt in the vicinity of 101) (.: ami 
remain st,able at, t~c:mpernturc:s ubovc the mc:lLing 
point, for at, Iad 5 ruin. T)yc:s in group (I ) arc ob- 
viously rms&tble and wore itlcntJific:tl by a simple 
t>c:sI, tmbe healing test. Dyes in group (2)) following 
tlic test, t>77t)e tf?st,, wfw tried in the sigm71. Upon 
locating the musl auit:d)le clyes, *tn invcstigalion of , 
cornpatiI~17~ organic dilwnts was carried out.. The 
~~urposc: of the tlil77ents was to give: B rnir;ture leaving 
a meltJing point, consid7~ral~ly holow that, of the pure 
dye. Such a mixture would facililate molting sn~l in- 
sure more uniform operation. 

The unit w:ts designed with a maxinnnn of the 
outer s77rl’ncc: of t8he agent compartment exposcti to 
thl! hot gWcs from the bur?liIlg fuel. The grP%test 
amormt, of heat, to melt, the dye is transferred by 
radiation from the nurfacr: of the fuel to the I,oltom 
of the agent compart,mcnt,. An arm77lar region be- 
lween tlitr agent c:ompartrricntJ anti the outor Case 

allows it certain amount of convection transfer of 
heat from the hot gases to the dye mixture. Eurt,hor- 
more, this region serves to insulate the agent corn- 
partment from the cold outer wall. 

The signal f7mctJioris in any position from approxi- 
mately 10” rthove horizontal to the vcrlicnl. The 
weight of the unit is so distributed that it tilts near 
the end of the emission and flo& mit,h one side lower 
than t,he &hers. The cntrancc: t,o the focd t,ubc: is 
located at the lowest point, in tlic: agent cornpartment~ 
in either t,he upright or W,c:tl position. This design 
gives a higher loading eficiency than one in which 
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SEAL CUP HANDLE LUG 

ATION OF FILL PLUG ON 
NT CONTAINER TOP 

XIT HOLE AND 

AGENT CONTAINER TOP 

ENT HOLE AND 

GENT CONTAINER 

FUEL CONTAINER SIDE 

UEL CONTAINER BOTTOM 

vertical functioning only is possible. The latter tin- 
sign requires the WC of more ballast to kwp the: unit 
floating upright. 

The proposed design 42 is shown in Ij‘igure 41. This 
is known as t,he JRoating distress sipal, lhodel DS-4. 
TIand-ft~l)ricnt,c!tl units embodying tlic: essential fen- 
tures of this mocL:l have been made and L&ccl suc- 
cessfully. However, no unit,s have as yet bcwn con- 
st,ructed precisely as shown in t,he drawing. 

Thn floating distress signal, Model 1%4, is 7 in. in 
diameter and 10 in. high. The complete unit, including 
dye and fuel weighs about 12 lb. Of this, approxi- 
mai,cly 5 lb are dye mixture and 3.3 lb are fuel. Thr: 
assembly is composed of three subassemblies: the: 
fuel c:ont,ainer, the agent; container, and the outer 
can or potL 

The fircl mist>ure is pressed into t,lic: fuel container 
in one charge under a dead load of about 1,000 psi. 
The composition of this mistnro is as follows: 

~Slow base mix 

NlLNOa 
Charcoal 
Nupht,halene 
Boiled linseed oil 

Fnsl base wlix 

NHdN& 
C&wx~l 
Boiled linseed oil 

Starter cwvn position, 

KNO, 
Bilicon 
l3oiled linsc:c:tl oil 
Charcoal 

The top swfuw: of the block is aoatod with a pyroxy- 
lin lacquer for moisture protection. A waterproof 
Quickmatch is then fastened to the block. This picks 
up the spit from the: fuze and insurcn subsequent ig- 
nition of the fuel. 

The agent cont,aint!r is assembled from its corn- 



454 THERMAL GENERATOR MUNITIONS 

ponent parts, and all joints are copper brazed. The 
feed hole and vent hole are soldered closed and the 
container tested for leaks. The agent container is 
then seam-welded onto the pot. The moltnn dye 
mixt,ure composed of 50”/0 Calco Oil Orange Y-293 
and SOY0 diphenylamine is charged through t,hc filling 
hole and the plug inserted. 

The ha1 assembly consists of registering the fuee 
assembly directly over the Venturi and crimping 
the top cover, thon slipping the loaded fuel can in 
from the bottom and crimping tho bottom cover. 

&ERATI~N 0~ THE SIGNAL 
The first step in functioning the DS --4 signal is to 

remove the seal cup protecting the bouchon fuze. The 
cott,er pin is then removed from tho fuze, thereby 
initiat,ing a 16sec delay igniter composition. The 
spit from the fuze travels down the Venturi and is 
picked up by the Quickmatch on t,he surface of the 
block. The initial pressure surge from the burning 
fuel ruptures the fusible disks covering the cxil; holes. 
The heat from thr: fuel block melts the fusible plugs 
and the dye mixture. The liquid dye feeds into the 
Venturi due to the pressure from the fuel compart- 
ment vented into t,he agent, compartment, t,hrough a 
hole near the top of the annulus. The dye mixture is 
atomized and vaporized in the hot gaeos and this 
mixture is discharged to the atmosphern, where it 
condenses to form a colored smoke. 

COMMNNTS ON THE PROIWSW:~ DESIGN 
Although t,he design shown in Figure 41 has not 

been built, it is based on the experience from con- 
siderably more than a hundred t&s on numerous 
experimental signals which wcrc built and func- 
tioned. Thcne tests indicated that the high-velocity 
thermal generator principle is a more efhcicnt method 
of vaporizing dye for colored smokes than is the inti- 
mate mixture of dye and fuel. Since the tlcnign shown 
in Figure 4 I has not hccn built and tested, certain 
dimensions and weights cannot be specified until this 
is done. 

The DS-41) motlcl is the latest design that has been 
built and operated a limited numbor of times. The 
DS-4a modal preceded it. The goneral arrangement 
of these dcsigne together with scvcral earlier ones is 
shown in Kg&e 42. 

The Model IX-4a depended on t,he suction in the 
Venturi throat to feed the molten dye and required 
up to 40 WC for smoke emission to start,. It then 
generatIed an intensely colored orange smoke cloud 

having several times the volume of the cloud emitted 
by the best available commercial signals. After being 
cooled below 32 F it functioned satisfactorily in 
water at 32 F. 

The DS4b utilized the pressure in the fuel com- 
partment to aid in feeding the molten dye. Smoke 
emission then began in a shorter time. 

The DS-3 can be expect,ed to give smoke within 10 
to 15 set after the fuel is ignited. 

DEVELOPMENT 
The development proceeded along two parallel 

lines. 0n the one hand, it was necessary to find a suit- 
able colored smoke dye or dye mixture for USC in the 
signal, and on the ot,her, to design the unit to func- 
tion efficiently and to meet the requiremont,s of the 
Air-Sea Rescue Group. 

1 F-6 2 F-7 3 F-7A 

4 ix-l 5 DS-la 6 OS-2 

7 OS-3 8 ~~-40 9 OS-4b 

FIGIJHE 42. OutJineH of severxl of the models tmted in 
developing tlw floating distmtiti signal. 

Open Dyy Chamber. The initial work on the col- 
ored smokt? signal was done with the: F-A type t,her- 
rr~al generst,or shown in Figure 42. This functioned 
very well in a number of tests with Culco Y---293 dye 
but the emission time could not bo extended to the 
required 4 min without frequent plugging of the feed 
holes and intermittent smoke emission. Thin design 
allowed frc:c access to the dye chamber by the hot 
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FIGURE 43. Smoke targcl idcntificrttion bomb, Mk 72, Mod 2. 

gases from the vaporizer. This aided in molting the 
solid dye. IJnc!vaporatctl dye from the vaporizer was 
rcturmd to the dye chamber and recycled. 

L)yes. The following dyes wcrc satisfactory in the 
F-R pot: Cslco Oil Orange Y-293, Calco Oil Green 
CG, duPont Oil Orange, and duPont Oil Yellow N. 

Addition Agents z’n the L>ye. Addition agents, such 
as diphenyl oxide and diphenylamine, were used 
with the dye in amounts up to 50%. These were 
effective in lowering the melting point, diluting both 
the dye and decomposition products, avoiding the 
plugging of the feed holes, and giving a longer and 
more uniform smoke omission time. The low melting 
point of the dye mixture, however, made the open 
dye: chamber unsuitabh:. 

C’losecl I)ye Chumber. The work was then directed 
toward adapting the F-7 type thermal gcncrator 
with its closed agent, compartmc!nt for use as a signal. 
The hot gases from the vaporizer do not, enter the dye 
chamber in this design, and no provision is made for 
recycling unvaporized dye. The rate of feed of dye 
must, therefore, be controlled more accurately to 
avoid spraying liquid dye from the signal. This design 
was carried over into the DS-3. Irregular smoke 
emission was encount,ert~cl with the closed dye: cham- 
bar. This was first att,ributed to a recurrcncc: of the 
feed hole plugging ditic:ultjics noticed when pure dye 
was used in the open dye: chamber design. It was later 
found that it was due to the: slow rate at which the 
dye melted in the chumbor. A considerable amomIt 
of solid dye was lrft on the cold outer walls of t,hc 
hamber. 

Hot Gus .Jacket for L>?ye Chamber. This Icd to the 
DS4a with the tlyc chamber completely surroundod 
with hot gases from the fuel block. This greatly in- 
creased the melting rate of the dye and eliminated 
the difficulty from erratic smoke emission. This de- 
sign, modified by pressurizing the dye chamber and 
providing a feed tube for operation in a tilted posi- 
tion, rcsultcd in t,hn design proposed in Figure 41. 

30.13.2 Colored Smoke Target Identi- 
fication Bo~nb, Mk 72, Mod 2 

A colored smoke target identification bomb, 
equipped with a nylon parachute to be dropped 
from high-speed cornhat aircraft, at, low altitudes was 
developed 28 at the royuest of the Navy Bureau of 
Ordnance. The bomb, designated Romb, Target 
Identification, &~oke, Mlc 73, Mod 2 is shown in 
Figure 43. It, weighs about .53 lb, consisting of: metal 
parts, 22.0 lb; fuel, 9.4 lb; dye, 18.7 lb; and parachute 
assembly, 3.4 lb. The bomb generates a dense colored 
smoke for 4.5 to A.5 min. The colors now available are 
yellow, yellow orange, a bright orange, and red 
orange. The bomb functions on a thermal generator 
principle and contains fuel and dye in -scparatc 
compartments. 

The original specifications indicated that, the bomb 
was to ho launched at about 200 ft, altitude from a 
plane diving at 300 knots. It was to bo equipped with 
a paruchutn which was to act only as a snubber. The 
fuzc was to function when the parachute opened and 
have a d&y of about 5 sea. The bomb was to emit, a 
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colored smoke: for 5 min, 10 set, A 40 sec. Orange and 
red nmokes were preferred, hut t,hcrt: was LL definite 
interest in yellow, green and violet smokes. 

Colored smokes have generally been produced by 
burning intimate mixtures of dye and fuel. A typical 
mixt,urc: of this type cont,ains the following: 22’r0 
KCIOs, 9%) sulfur, 24(% NcLHCO~, and 45(x, dye. 
l‘hcs~ materials are thoroughly mixrd and then 
prcnscd into the munition. The clyc: is vaporized by 
thr burning fuel, and upon issuing from the generator, 
condenses to form a colored smoke. There are a 
number of limit,ations to this type of smoke munit,ion. 
In general, the intimate mixtures are suitable for 
small units, such as colored smoke grenades, but, arc 
not so suitable for use in large mrmitions. The chief 
difficulties cncountcred in large colored smoke rnuni- 
Cons is in controlling the burning rate of t,hc: fuel and 
the tendency t,owsrd decomposition or flaming of the 
issuing dye vapor when the fuel is too hot. The in- 
corporation of cooling agent,s such as sodium bicar- 
bonatc! to prevent undue decomposition of the dye 
docreases the thermal eficiency of the: fuel. The dyes 
used arc often expensive, especially the anthrat~uinone 
type, xnd certain mixtures have a tcndcncy Lo explode 
when ignited. The maximum amount, of dye that, can 
be incorporated in a mixture is ahout, SO’%, by weight. 

Preliminary tests indicatc!tl that, a Venturi-type 
thermal generator described above: was capable of 
generating a colored smoke cloud superior to that) 
generated by the standard intimate mixture com- 
positions. 

The 12-U) I3 7A cxpcrimental thermal gcncrat,or 
pot, was tried for this uxc. This was not, designcd~ for 
dropping from aircraft, and provision had to b(: made 
to rc:t,urd it,s fall by means of a parachut,c. T&s with 
this unit were unsatisfactory, due to t,hr: tendency of 
the parachute t,o tip the munition over on its side. 
When in this position, the dye would not discharge 
completely. For this reason, the design of a thermal 
generator which would function in a horizontal as 
well as a vertical position was undertaken. 

The design consisted of two compartments, one of 
which contained fuel and tbc other the dye in R solid 
cake. The d;vc+ compart,rnont was surrountlcd by an 
annulus through which t,hc: hot gases passed. l’h(? tlyc 
fed into t,he annulus through several holes lo&cd 
at, the base of the compartment. Vaporization t,ook 
place in the armulue ad thr vapor issued through a 
single orifice in the top of t,llfb unit. The development 

of the target idontificution bomb was hased on this 
principle. 

The fuel block consists of ammonium nitrate and 
carbon, and is prcsscd into a cont#ainer in the nose 
end of the bomb. The: dye is cast inlo a separate 
c:ompart,mc:nt above the fuel. XIot gases from the 
l~urning fuel block pass through orifices in the top of 
the fuel chamber into the annulus surrounding the 
dye: compartment. IIeat from these gases is trans- 
ferred through the walls of the dye compartment and 
melts the dye which then flows, through holes in t,hc 
bottom of the dye compnrt,mt?nt, into the nnnulus. 
IIere the hot gases come in contact, with the molten 
dye and vaporization takes place. A spiral baffle is 
used in the annulus to insure bett,t!r contact, between 
dye and gas. The fuel gas-dye: vapor mixturt: issues 
from an orifice in t,lic: Gil of the bomb. 

DI”SCRIPTION OF THE TARGET IDENTIFICATION BOMB 

The m&al components of the bomb consist of three 
major assemblies: (1) the outer case, (2) the fuel 
compartment, and (3) the dye compartment. The 
fuel container and dye compartment are crimped and 
riveted together and constitute the inner assembly. 
This is slipped int,o the outer case and brazed in 
place. The parachut,n pack is locat(~l on the tail end 
of the born b. 

The fuel block has tllc following composition: 

Kasl: mizturc 3,000 g 

NHdNC)a 86 %j 
Boiled linseed oil 3 cj/ / 0 
Charcoal 8.3(X, 
Naphthalenc 2.7% 

Top mixt we 1,250 g 

NII,NC) :< 8ti ‘j& 
Boiled linseed oil 3 o$ 
Charcoal i I ‘36 

Startf:r 30 g 

KNC), 53.0’~, 
Silicon 39.2(X, 
Charcoal 5.xy(, 
Boiled linseed oil 2.U(%, 

The mixture is pressed in thrc:c: incromcnts int>o thr: 
fuel can under a dead load of 35 t,ons, or about 1,600 
psi. The surface of t,he block is sprayed with a 
pyroxylin lacquer for protection against moisture. A 
waterproof Navy Quickmatch is attached to the top 
of the block in a web-like pattern. This picks up the 
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flash from the fuzz and ignites the block uniformly 
over the surface. 

The flange which projocts from the bottom of the 
agent< compartment, contains eight, No. 2 holes for the 
hot fud gases to pass t,hrough. Tt also forms the 
hot,tom of the: annul~~s. Eight dye: fcr:d holes of the 
same size are provided opposite the 1~01~:s for tlir! fuel 
gas. These are closed with 50/50 solder bcfort: the 
tlyc is cast into the dye c:ompart,mcnt. 

Aft,c:r the inner assembly is placed in the: out,c:r CUSI:, 
the top plate of the agent compartment is brazed to 
the outer case. A fusible diaphragm 0.10 in. thick is 
soldered over the vapor exit hole after the bomb is 
charged with dye. With the fuze assembly in place, 
complete protection from moist,ur.e is assured. 

The nylon paretdllltc: iH a h~scholl tylle. J3ou1 
stec?l cabins, ,! 6 . m. in tliamet,r?r, arc at,tsched to the 
shroud lines of t,hc? parachute and to load lugs on 
the tail plate of the bomb. A fifth cable, f$c; in. in 
diameter, is attached to tho parachute and fastened 
to the arming plug of the! fuzt:. The parachute case 
slips into the rcccss at the tail of the bomb and is 
l~oltfd to t,hc out,cr (:a~(:. This parecliutc! was manu- 
f:tc:t,~wcd hy Gcncral Tcxtilc Mills, Inc., NCW York. 

The fuzr: is a modification of the Navy s&marine 
identification flare firing mechanism, Mk 10, and is 
act,uatled by the opening of the parachute. When the 
arming plug is pulled back by the opening of the 
parachute, it compresses a spring which acts on the 
firing pin. FVhen t,he plug has been pulled far enough, 
it disengages the firing &, and the latter strikes tho 
primer which sets off the ignition mixture in the 
spitter tube. The flash travels down the fuzo well and 
ignit<es the Quickmatch and then the fuel mixture. 

The: boml,, complctcly assr:mblcd and ready for 
dropping, is approximately 37 in. long and has a 
&am&r of R:4 in. It weighs 53% lb. 

The rarly experimental designs tested prior to the 
design described in the preceding text are omitted 
from this account. When lhr work reached a promis- 
ing stage: 15 units were fabricaletl by hand. These in- 
c:orporat8cd mos1 of the principles of the later design. 
These functioned satisfactorily in &tic tests and onc 
frmctioned when drop& from 4 5 f’t, in free: fall ont,o 
concrete. Corrugations had been providctl in tllc: C~RC 
and in the walls of the agent compartment to localize 
deformation on impact. These corrugations wcrc cf- 
fective in this respect. Twelve of these bombs wcrc 
fitted with rayon parachutes and delivered to the: 

Naval Proving (irounds at, Dahlgren, Virginia. There, 
I I wcrc dropped from a Navy 1c S ,I? fighter plane. 
They wcrc rcloased at an altitude of 75 to I25 ft and 
at, a spood of from 270 to 300 knots. JGve of the bombs 
wcrc duds due to fuze failure. Five functioned satis- 
fuclorily for varying lengths of timt! until the: issuing 
dye vapors flamed. T%n$,her to& sliowcd that, the? 
rayon parachutes caught, fire and ignited the: dyn 
vapor. One bomb functioned satisfactorily. 

Twenty-five bombs equipped with noninflummshle 
nylon parachutes and improved fuzcs wcrc made and 
taken to Dalllgren for further drop tests. These were 
loaded with four different, orange dye mixtures and a 
yellow dye, Twelve? of thcsc were dropped as before 
from an P’- li -I? plant:. One fuse failure was en- 
countorcd, and two bombs flamed after emitting c 
about one-half the dye. The remaining eight, bombs 
functioned satisfactorily, giving a colored smoko 
emission time of ahout 54i min. 

To det,ermine whether these bombs would prosent; 
a hazard when exposed to enemy gunfiro, throc bombs 
wore set up on a firing range. Singlo shot,s wcrc fired 
int,o the bombs using a special .50-caliber inocndiary 
hull&. When one of these bullet,s was fired into the 
nose of the bomb, t,he fur?1 was ignited in such a 
manner that the nosc of the bomb was blown off. 
When the? tc:st, was repeated later, after aging the fuel 
blocks, no ignition of the blocks could be obtained 
with incendiary bull&. 

One hundred twenty-nine additional target idonti- 
fication t>ornbs were delivered to the Navy Bureau 
of Ortlnancc for further tests. These were charged as 
follows: 

45 with Calco Oil Orange Y-293 
10 with dul’ont Oil Yellow N 
4~1 with C&o Oil Scarlet II with 15% 

diphenylamine, or National Oil Scarlet, 
GC: with 15%) diphenylamine. 

The parachutc:n on these bombs were of 2$$-oz 
nylon inst,c:atl of the 4 oz used on the 25 bombs pre- 
viously dclivcmd t,o Dalilgren. 

Clon,troZ of Fhrrring. The chief dificulty has hcen 
with flaming of the dye vapor, usually as a result of 
the hot bomb case igniting eith(?r the: parachute or 
dry grass in contact with t,hn cast. In 53 trials using 
bombs without parachutes or with nylon parachutes, 
fivr inflamed spontaneously or as a result, of grass 
fires. Four were ignited intentionally to tc:sL flaming 
inhibitors. Out of eight trials with rayon parachutes 
at~tachcd, seven bombs inflamed. 
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Tests were made using Calco Oil Orange Y-293 
mixed with hexxchlorobutadiene and with Chlorpro- 
pane Wax 130, (the latter supplied by the Hooker 
FJectrochomicul Company, Go/, octachloropropane, 
157, pcnt,uc:hloropropane). The purpose of these dil- 
uents was to inhibit flaming of the issuing dye vapor 
by raising the flash point. These agent,s had much the 
same t?ffect as diphcnylamine on the intensity of the 
color of the smoke. Insnfficient data are available to 
draw any conclusions as to the merits of these agents 
9s flame inhibitors. 

Ignition of the cloud has been prevented until near 
the end of the color emission, even in the presence of 
burning grass, by reducing the diameter of the vapor 
exit hole from I J& in. to j<i in. or by adding 25% 

li Chlorpropane Wax to the dye. 
EJccl of Position. The bomb was found to operate 

best with the long axis horizontal. Howt:vcr, it has 
operated successfully in a vertical position nose down ; 
with the long axis at, a 30” angle to the horizontal and 
the nose high ; and in intc:rmc?diatc? positions. In 
general, the dye: emission time decreases as the bomb 
is changed from the horizontal to a vertical position. 

L)yles. The desirable propert,ies for a dye suitable 
for use in colored smoke munitions of the thcrmel 
generator type munition having separate agent, and 
dye compartments are as follows. 

1. The dye should preferably be a crystalline corn- 
pound and have a melting point undnr 150 C, or a 
melting point of 100 C when mixed with a small pro- 
portion of a melting point, doprcssant,, such as di- 
phenylamine (less than 25% diphenylamine should 

be necessary). The dye should not undergo decom- 
position when heated to high temperatures for a 
short time. It is desirable for the dye to be stable for 
about 3 to 4 min at temperatures 50 to 100 C above 
the melting point. 

2. A rapid preliminary test, may be run on a new 
dye by heating 5 g in a test tube and observing how 
it melts. If it melts and flows freely then 100 g should 
be tested in a small smoke generator. If this gives 
promising results the final and conclusive test is 
carried out, in tlic! full-scalo munition. 

Four tlyc rnixturcs wcrc found to give excellent, 
smoke c:louds: (1) CL&o Oil Scarlet, IT, or National 
Oil Scarlet AG with 15(x) diphenylarninc: (red orange 
cloud), (2) Calco Oil Orange Y-293 (bright orange 
cloud), (3) Calco Oil Orange 7078-V or duPont Oil 
Orange with 15% diphenylaminc (y&w orange 
cloud), (4) duPont Oil YellowN (bright, yellow cloud). 

These dyes are all common azo dyes made by 
simple coupling reactions and are readily available 
from several manufacturers. The addition of di- 
phenylamine generally lowers the melting point. If 
added in too large quantities, however, it dilutes the 
color of the cloud. The: Oil Orange (Color Index No. 
24) dye is particularly scnsit,ive to an excess of 
diphcnylumint:. 

The search for a satisfactory violet, dye: or a blue 
dye for mixing with red has so far been unsuccessful. 
The majority of blue and violet dyes arc of the 
anthrxquinone t,ype and are less suitable t,han azo 
dyes. This is due to the high melting point char- 
acteristic of this class. 



Chapter 31 

FUEL BLOCKS FOR THERMAL GENERATOR MUNITIONS 

By E. W. Comings 

31.1 INTROIlUCTTON 

A NUMRER OF the munitions doscribed in C%apter 
30 function by vaporizing a liquid agent. This 

vaporization is carried out with a hot, gas gencrsted 
by a fuel block within the munition. The fuel block 
burns slowly and smoothly during the func:t,ioning 
tirnc of the munition. It, burns without using air or 
oxidizing agents other than those included in the 
block itself. In this way hot gases are generated under 
sufficient pressurt: to Cause flow through the channels 
in the munition without using pumps or blower.s.4-R 
The latt,er would be needed if combustion with at- 
mospheric air were used to supply the hot gases. 

Fuel blocks giving satisfactory performance in a 
number of munitions ranging in size from a l-11) 
training cantllc to a 125-lb generator have t)c:cn 
made.’ Blocks for two munitions were succc:ssfully 
carried through ljmit,ed production. 

Blocks of two types wcrc made, (1) pressed, and (2) 
cast. The pressed mixturr: consisted of NIIdNOI(, 
charcoal, a linseed oil binder, and an additive such as 
KNOa, NH4U04, or NH4C1 to regulate the burning 
rate. This mixt,urc was formed into blocks in a 
hydraulic press. Cast blocks consisted of NHdNOa, 
charcoal, I .O?M HZO4, NH4C1, and rtn additive such 
as NaNOa or st,arch to regulate the burning rutc. 
These were rnelted and poured into the fuol container 
at a temperature of around 1 I5 C. 

The factors involved in tht: control of burning 
charactcrislics have been systematically studied. Of 
the ingredients usc:d, charcoal is the least, uniform 
and causes the greatest variation in block-burning 
characteristics. Treatment of charcoal with lCLX>a 
makes the block burn more rapidly; treatment with 
HsP04 reduces the block-burning rate. The block- 
burning rate can be changed by (1) varying the char- 
coal particle size, (2) modifying t,he charcoal surface 
properties as by treatment, with KzC:Oa or HSP04, 
and (3) by formula variation. The latter was the 
method rnost commonly used. Substitution of KNO,, 
NaNOa, or NH&l04 for part of the NIIdNO, in- 
creased the burning rate. Addition of NH,Cl to the 
mixture or substitution of naphthalene (or starch in 
the cast block) for charcoal decreased the burning 

rate. The m&hod of changing charcoal surface 
properties has not, been thoroughly investigated but 
offers promising possibilities. 

The conditions under which the block burns affect 
the burning characteristics. Increasing t,he initial 
block temperature, and increasing the gas pressure 
on the block during burning, incrt:asr,s the burning 
rate:. TFor blocks pressed into m&l cans, a (:&board 
or stc:nniI board inner liner in the cun between the 
block ant1 the rnet,al provcnts burning down the side. 

A curious t,ype of irregular and objectionable burn- 
ing known as surging has heen observed in a few 
(::bKes when these mixtures were burned under prcs- 
sure. Data indicate: that, this is caused by two rcduc- 
ing agent,s present in the rnixt,ure at the same time. 
T&c may be two diffcrcnt, c:hemicel compounds or 
the same compound (charcoal in this case) with 
cliff eren t activities. 

A waterproof lacquer (Special W) was effective in 
waterproofing the: exposed surface of a fuel block 
against tropical storage? conditions for 15 days. 

Pressed NH4N0-c&coal-linseed oil blocks show 
an incrcasc in burning rate with age for the first thrco 
weeks after pressing. After three weeks no further 
change is obscrvctl. 

Gases from a surging and a smooth burning block 
have: been analyzed and a surging mechanism 
post,ulated. 

All the fuel blocks used in the thermal gcncrat,or 
munitions described in Chapter 30 have, up to the 
present time, included powdered hardwood charcoal 
as a major ingredient. Hardwood charcoal is not 
msnufact,urod to specifications which will insure re- 
producible burning propc:rties of the fuel blocks, but 
it is likely that it, could bo rnanufxctured to such 
specifications. A fuol hloc:k which does not contain 
charcoal has also been carried through preliminary 
dcvclopment, and offers much promise.3 It contains 
guanidine nitrate. 

31.2 DKSCRIPTION OF THE FUEL 
BLOCKS FOR THE THERMAL GEN- 

ERATOR MUNlTIONS 

Many different sizes and shapes of thermal genera- 
tor munitions, ranging from a l-lb training pot to a 
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T-ABLE 1. Summary of physica and burning characteristics of fuel blocks for t,hermaJ generator munitions. 

Vnit 

Weight Biock Sormal Block 
of Block surface operating burning 

Agent: complete weight Block area. Block* gas time in Burning rat.et Bloekg Press. Agent! 
discharged munition 

lb Ib ,gb 
diameter sq in. height. pressure unit, in.!‘ g/ density incre- Press. fuel 

in. sq cm in. psi min min (min)(cm) g/cc merits psi ratio 

F7A% 

F9 

E20 

E23 

E21 

E29Rl 

DS3 

Mark 72 
Mod 2 

Bl 

6.5 HD 10.0 

Diol 55 44.0 
22 

Dial 55 21.5 
10 

Dial 55 36.3 
14.5 

Dial 55 1.1 
0.24 
HD 10.0 
2.3 

Dye + DPA: 12.0 

D:Te 53.0 
18.7 
HD 125.0 
60.0 

1,420 7 38.5 1.87 
3.15 248.5 

5,000 10 78.6 2.75 
11.0 508 

2,720 8.26 53.5 2.12 
6.0 345 

5,540 8.12 51.7 4.75 
12.1 334 

101 2.30 4.15 1.10 
0.22 26.8 

485 2.52 5.0 4.10 
1.06 32.3 

1,530 7 38.5 2.00 
3.3 248.5 

4,280 7.5 44.2 5.12 
9.45 285 

13,690 14.0 154 3.75 
30.0 994 

2.3 

sot. 
measured 

Not 
measured 

1.52..i 

sot. 
measured 

2-3 

2 

34 

sot. 
measured 

3.5 * 0.5 0.54 1.62 1.20 

12.5 f 1.5 0.22 0.79 1.4+ 

6.0 * 0.5 0.35 1.30 1.45 c 

11.5 + 1.0 0.41 1.43 1.37 

1.2 k .25 0.94 2.96 1.40 

4.75 + .25 0.86 3.10 1.44 

5.0 * 0.5 0.41 1.21 1.20 

5.5 * 0.5 0.93 2.72 1.15 

11.0 * 1.0 0.34 1.24 1.45 

1 1.040 2.05 

Cast Cast. 2.0 

Cast Cast 1.67 

,5 1,400 1.2 

1 3,380 1.12 

2 3,300 2.15 

1 1,040 1.5 

3 1,600 1.98 

cast Cast 2.00 

* Rloek height in norma! production operations raries k 0.1 inch from valws given. 
f Weight of etarru mix not included. 
: Dr.%: dighcn~knine. HD: die?illed mustard gas. 
$ Block denGty calculated from R-Fight and dimensions given. 



TABLE 2. FueI block formulas for t.hermal generator munitions. 

Per cent, by weight. 

rnit 

Cellulose Boiled 
Weight. British: acetate linseed 

Mix g starter in aeet,one oil SH,NOo 

FiA mutard gas 
genemtor; 12 Ib 

F9 nonfloat.ing 
smoke pot.; -14 lb 

E20 nonfloa.ting 
smoke pot; 21 lb 

E23 floating 
smoke pot.; 36 lb 

X21 training 
candle 

E29Rl 

DS4 colored 
smoke signal 

Mk i2 Mod 2 
target markerj 

Bl nonfloating 
must,ard gas 
generator;125lb 

Start,er 
TOP 
Base 

Starter 
TOP 
Base 

Starter 
Top 

’ Base 
Starter 

TOP 
ht. 
Base 

Starter 
Base 

St.arter 
Top 
Base 

St.arter 
TOP 
Base 

Start.er 
TOP 
Base 

St,arter 
Top 
Base 

20 
400 

1,000 
60 

300 
4,700 

50 

98 2 
3 
3 

70* 30 . . 

70’ 30 

40 
700 

1,800 
3,000 

6 
95 
10 

180 
295 

20 
300 

1,200 
30 

1,250 
3,000 

90 
4.54 

13,200 

98 2 
3 
3 
3 

98 2 
3 

97.5 2.5 
3 
3 

98 2 
3 
3 

98 2 
3 
3 

70* 30 

- 

83.5 13.5 
80.7 13.1 

84.0 
84.0 

9.0 
6.4 

78.0 11.0 
83.2 7.7 

86.0 11.0 
84.0 9.0 
82.0 7.0 

82.0 11.0 

82.0 11.0 
84.0 11.0 

86.0 11.0 
86.0 8.8 

86.0 11.0 
86.0 8.3 

84.3 9.0 
84.3 6.2 

1.0 M 
Char- 
coal NH&I NH&IO, KS& SaPTO 

Corn- Naph- phosphoric 
starch t.halene acid 

3.2 

2.7 
3.0 

2.0 
3.0 

4.0 
8.0 

2.0 

2.7 

1.0 

6.0 

4.0 

4.0 

1.0 

3.6 

3.1 

2.2 

2.2 

3.5 

Pressed 

Cast 
3.0 
3.0 

cast. 
3.0 
3.0 

Pressed 

Pressed 

Pressed 

Pressed 

Pressed 

Cast, 
3.0 
3.0 
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125-11) generator, have been made during the dcvelop- 
ment work. Differences in size, shape, and required 
burning times of these munitions necessitated a wide 
range in the burning rate of the fuel. In Tahlo 1, the 
physical characteristics of the more import,ant ther- 
mal generator munitions are compared. In Table 2, 
the formulas of fuel mixtures for the munitions arc 
listed. These formulas are varied as necessary to 
compensate for variations in the ingredients. 

Pressed blocks have been used much more ex- 
t,ensively than cast, and a major part, of the work was 
done on mixtures that were pressed into E29 it and 
E29Rl it type fuel cans. 

C:ast, mixt,ures have bocn nsed for the slower burn- 
ing compositions of large diamet,nr and low block 
height. Cant and prosned mixtures will be discussed 
separately because of the differences in their proper- 
ties and methods of manufacture. 

31.3 PHESSED FUEL MTXTURES CON-- 
TATN ING CTTA KCOAL 

These mixtures arc composed of charcoal, NH,NC),, 
a linseed oil binder, und an additive such as T<NC), or 
NH&l to regulat,e the burning rate. 

31.3.1 Block Properties 

The volumr: of gas, reduced to a st:mdard t,em- 
porature of 60 F and a pressure of 760 mm of mcr- 
cury, producecl by a burning pressed block ranges 
from approximately 12.0 to 14.6 cu ft per lb of 
mixture (0.75 to 0.92 1 per g). The theoretical volurne 
of gas mcastlred under the same: conditions for the 
reaction 

NH,NO, + C b CO + 2HzO + Nz 

is 16.35 cu ft, per lb of mixture (1.02 1 per g). For the 
reaction. 

2NHaNOs + C - CO, + 4H,O + 2Nz 

the theoretical volume of gas is 15.4 cu ft per lb of 
mixture (0.96 1 per g). 

Analysis of the gases from a burning E29 block 
showed the following gas composition: 

H,O 48.8yo CO2 13.570 
NH2 0.6 CO 5.2 
NO, 0.0 N2 20.1 
NO 0.0 HI 5.8 

8 The lC29 cxn is hexagon,al, with the dimensions: 2.65 in. 
~WOSS flat,s, height 5 in., A,~PA 36.6 sq cm. The E29Rl cnn iH 
round, with the dimensions: 2.52411. diameter, height 5 in., 
men 32.3 sq cm. 

This corresponds roughly to the reaction 

6NIIdNOz + 4C + 
1 lH& + CO + 3CO2 + 6Nz + I-12 

which gives 0.98 1 per g of mixture at 16 C and 
760 mm Hg. The calcula&d amount of heat evolved 
is 0.685 kcal per g of mixture. This comparcswith0.72 
to 0.75 for black gunpowder. A fuel mixture! aontain- 
ing 5% charcoal instead of 11% will yield slightly 
more gas per gram of mixture but 17”j, less heat. 

By using t,hc sodium ‘ID” line reversal t,echniquc,12 
the flame t,omperature 0.5 in. above the: top of the 
fuel can was measured for an E29 block burning in 
thr: open. Values ran& from 2600 to 3000 F. C&s 
temperatures measurc:d b by a shielded thermocouple 
placed al-)o~~t 8 in. above the encloa:d brlrning rnix- 
ture rangod from 1100 to 2100 1’. In general, lower 
temperatures were associated wit,h slower burning 
compositions. 

Burning rat,es for any composition in grams per 
minute: are roughly proportional to the burning sur- 
face. This relation can be conveniently expressed as 
grams of mixture burned per minute per square centi- 
m&:r of burning surface. Rates from 1. .2 to 4.8 g per 
rnin per sq cm have been obtained in pressed units 
burned in surroundings at 25 C and I atm pressure. 
This corresponds roughly to a gas evolution rat,{: of 
from 1.08 to 4.3 1 (at I6 C and 760 mm Hg) per rnin 
per sq cm. 

The density of the block is I .30 A 0.20 and is in- 
fluenced by prossing technique, particle size, and 
nature of the ingredients. This density range corrc- 
sponds to 24 _+ i2?& void space in the pressid block. 

The ignition temperature and nature of the de- 
composition of the mixt,uro tire dependent upon the 
rate and method of heating. The ignition temperature 
of the mixture used in the E29 fuel block, as deter- 
rnined by heating the loosely packed powder in a No. 
8 brass dnt,onator tube (0.218 in. diameter x I. 88 in. 
long) was 200 to 240 C. A complete E29 block he&d 
in a Wood’s mf~td bath at, a rate of 12 C per min 
ignited at 220 C. 

Heat conductivity of the prc:ssed mixture: is poor. 
A t,hermocouple, pressed in the center of an E29 
block about 1M in. from the edge, lagged a thcrmo- 
couple at the edge by 110 C when a heating rate of 
12 C per min was maintained at, the edge. 

The pressed mixture, in the absence of moisture, 

b Me~uremerttjs were made in n standard volume tester 
descrikd in the following text. 



PRESSED FUEL MIXTURES CONTAINING CHARCOAL 463 

is not, pa&ularly corrosive t,o steel. Corrosion is 
serious when the mixt,ure is moist. 

When propc:rly made, blocks show good met:hanic!al 
stability. E29 blocks arc able to withstand impact on 
concrete at 300 fps without serious breakup. 

31.3.2 Mauufwturing Procedure 

Salts such as ammonium nit,rate,potassiom nitrate, 
and ammonium chloride, were dried at, 100 to 110 C 
for 6 hr and stored at a relative humidity less than 
50y0. Charcoal was blcncled into uniform lots by 
t,umbling in a large mixer of about 13 cu ft capacity. 
Ingredients wcrc mixed in a 2-ft diamt:t,er Simpson 
intensivo mixer for 20 min in an air-conditioned room. 
British starter composition was mixed by hand on a 
glans plate. 

The? mixt,ure was pressed into cam in several incre- 
ments with a hydraulic press and the starter mixture 
was pressed on with t,he last, increment. Steel retain- 
ing forms were used to prevent, the cans from dc- 
forming. The rams were made of wood and in some 
cases wooden rams were fittr:d with a brass face. 

After pressing, every offort was mado to protect the 
blocks from moist,ure. Many wc?re stored in metal 
cabinets containing CaC&. Most of the blocks were 
coated with a special pyroxglin base lacquer desig- 
nat,ed as Special 6C: mado by Pyroxylin l’roducts co., 
C%ic:ugo, Illinois. 

31.3.3 Testing Fuel Blocks 

The burning properties of the blocks were tested by 
burning thorn in four ways: (1) in their appropriatr: 

FIGURE 2. Typical gas flow rntc - I time CIII’VB~ for an 
EEXFt-typr block. 

unit, (2) in the open, (3) in a special gas flowmeter 
known as the? volume tester, and (I) in a unit known 
as the surge: tester. 

The volume tester is a flowmeter in which t,hc gas 
is discharged through a sharp-edged orifice. The: pres- 
sure drop across the orifice, along with the tempcra- 
ture of t,hc effluent gases, is measured and used to 
comput,c: the instnnt,aneous rate of gas flow at, any 
time during a test. By graphical integration of the 
instantaneous flow rutr? over tllr: burning time of the 
block, the total volume of gas produced is measured. 

P’rom this apparatus two types of volume flow rate 
VH time cllrvcs may be obtained. In the firs& the gas 

a- MM SH*RP 

/ 

‘1,G “STAINLESS 
EDGED ORIFICE STEEL PLATE 

SIZE 22 

ALUMEL 

COUPLE 

BING FITTING 

IPRESSURE TAP) 

STEEL smps ro 

HOLD BAFFLE PLATE 

FIWJRE 3. Standard volume tes1.w for E29 fuel blocks. 



464 FUEL BLOCKS FOR THERMAL GENERATOR MUNITIONS 

PORCELAIN 
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volume under the conditions of tempcruture and 
prcssore existing at the orificr: is used. Tn the second, 
the gas volume is reduced to a standard tempcralure 
of 60 F (I G C) and 1 atm pressure. The latter volume 
rate is proportional to the mass flow rate, assuming 
t,hat, the gas has a constant; molecular weight. Data 
for flow rates under actual conditions seem to show 
slightly bett,or correlat,ion with unit performance. 
l<.opresentat,ivc flow rat,c vs time: cllrves of I)oth t,ypcs 
arc shown in Figure 2 for an IMStype block. The gas 
prcssrrre on the block inside t,he unit abovc: that of the 
surroundings and the effluent gas tomperaturo are 
shown in Figura 1. The volume testr>rs used for t,he 
E29- and E23-size fuel blocks are shown in Figures 
3 and 4. 

A surge tester for lC29 blocks in shown in Figure 5. 
The: surge tester permils variation of the pressure on 
a burning fur:1 block by increasing or dt:c:reasing the 
sizt: of the gas exit orifice in a closed cylindrical vassel 
containing the block. For the E29 fuel block, Lhe 
c:*ylindrical vessel was made from S-in. extra strong 
s;tc:c:l pipe, One end was welded shut wit,li >/1-in. steel 

PRESSURE REGULATOR 
7 

,,GLOCW CHAMGER 

3/.” STEEL -  
PLATE 

plate. The other end was threaded and was closed 
by a pipe cap which allowed insertion and removal 
of the fuel block. 

The gases of combustion arc vented through a 
3$-in. &ice drilled in t>he side of the pipe. The gas 
exit area is varied by moving a conical plug into or 
out of this orifice with the screw adjustment shown. 

A safety valve is incorporatctl in the equipment. 
The simple wcight,ed orifice plug-type shown in t,he 
sketch has proven satisfactory. The arca of this 
safety orifice should IW at least, $55 the area of the , 
fuel Mock surface, The operat,or should bc protected 
by a stool-covered or concrete sholtcr. The safety 
valve, sot, for the highest pressure to be rcuched, 
should bc checked before each test to be sure it is not, 
jammed. The prossure rcgldator threads should bc 
oiled and free to t,urn easily. A t,est, nhould not 1~: 
started without this prcpuration. At the boginning 
of the run the exit orifice is complclely open. The 
regulator plug is gradually screwed in, slowly in- 
creasing Lhe pressure. If sluging of:f:~~rs it, nan b(: tle- 
tectctl immctliately both by the sound and by Lhe 
charvcterist,ic: rhythmic motion of the prcssurc gauge 
nectlle or manomet~cr fluid. 

31 .x.4 ‘l?he Control ol Premed Block 
Characteristics 

The varinblcs involvctl in the control 01 block 
characteristics may be grouyled under four headings: 
(1) variables due to ingrcdient,s used, (2) variables 
due to manufa,c:Luring procedure, (3) variables clue LO 

formula change, and (I) v:triables due to the condi- 
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Frcuas B. Burning r:ttes of R29Kl-tvne hlrr& m,zdr frorri cliffrrcnI, hnp of F’lower C:it,y cl~brcod vx particle size :md 

BLOCK COMPOSITION 

BR,T!SH STARTER lo-126 
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tions under which the Mock bums. lXst:ussion Iollowr. 

VuriubZes k, Chmwcd. The! charcoal is a, source of 
major variation in burning tirnc:. Rather pronounced 
differences in burning time for different bugs of char- 
~0~1 are obtained. 

Samples from (\MCh of five hags were examird to 
clc:t,ermine (I) purticlc size distribution by micro- 
scopic count, (2) per cd ash, (3) per cent, volut,ile 
mat~tcr at 105 C, and (1) surface ftrc:i by dye rtdsorp- 
tion. No tlefinit8e corrdution between burning rate 
and per cc:nt, ash or prr c:c:rit volatile rndter was ap- 
parent; however, a fitirly good corrdntion between 
burning rut,e 3rd parti& size wxs ot~~rvecl, the 
l,urning r:rt,n increasing with a decreuxc in particle 
size. This is shown in Figure 6. 

1. E&d cd charcoul particle .s&. In a systemdic 
study of t,he effect, of carbon partIiclc size: on burning 

i 

cliarftc,tc:ristjr:s, oak rllurcoal flour of Arflow grade, 
which was supplied by th(b Tcrmessee Fastrnsn Corp., 
was separttted irib four purtic:l(: size fr’ftc:tiorLs utiing 
MI air classifier. E29Rl-t,ype fuel blocks were made 
from each fraction and burned in the volume t,oster 
:d’ter precletcrminoti periods of aging. Each chsrconl 
fraction was andyzcd for particle $ze distribution, 
pc:r cent, ash, vol:6le matter, and surface &I’(:& :AS 
dctc?rmined by mt:tlqdcne blue dsorption. The bloc:k 
burning rate is shown as a funt:tion of the r:hart:osl 
surfuco area in Figure 7. The instttnt,rmt:ous gas flo\\, 
rates under actual conditions for Mocks from e:tch 
clirtrc:oul size fraction arc plotted ag:-lirist, time in 
Figrlrc: 8. The block-burning rate is shown as a func- 
tion of the mass mediun chnrcoal partid! diameter in 
Figure: 9. The maximum go temperftturc, maximum 
pressure differential, and Mock density :4,rc shown as 
fundions of the mass mdian chnrcod diameter in 
Figrlrcs 10, I I, and 12, respectively. The: v&es given 
arc the average of tight, blocks from each charcoal 
fmdion. The block q:s range from t-i to 200 days. Tn 
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E'rcun~ I I. Maximum presxurc differential above fuel 
block VB rnwti medh chxrconl diamet#er. 

MASS MEDIAN DIAMETER IN MICRONS 

FIGURE 9. hrning rate of E29RI-tIype blocks as a 
funct,ion of IWRS median chnrcnxl diameter. 
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lhum 10. M:txirnurn gas temperature vs m:tss mcdis.n 
diameter of charcosd. 

each figure the average! value is represented by a dot,; 
the range is indicated by the line. 

2. Alkali “uctivdiw~~” of charconl. A mmlm of in- 
vestigators have found K,CUa to br: a catalyst in the 
oxidation of charcoal.14-‘7 To extend these observa- 
tions to the burning characteristics of fuel blocks, the 
following solutions were ma& up: 1.5M IIaP04, 5% 
&CO,, lO(j& TCpCOa, 25%) li2COa, and water. To 
1,000 g of each of these! solutions, 750 g of k’lowcr City 
5CC charcoal was atltlcd. These slurries of charcoal 
were kept for 24 hr wit,11 occasional hand stirring. 
They were then vacuum dried at 85 C. Aft,r:r cooling, 
the solid masses were reground to puss a 4%mesh 
screen. Nine blocks of 500 g each were made with 
~cli trcuted charcoal as weil as with an untreatotl 
charcoal. The composition usotl is given below. The 
weight of charcoal was corrected in each case for the 
weight of impregnant, adsorbctl on the surface so that 
the weight of actual charcoal was the same in each 
cast. 

NILNO, 83 parts 
Oil 3 parts 
Charcoal 11 parts 
Block weight: 500 g 

MASS MEDIAN DIAMETER IN MICRONS 

Blocks were: pressed int,o E29Rl cans equippod with 
paper insulating liners, and were burned in the open 
and in the surge tester after aging three and nine 
days. These data are summarized in Table 3, and 
indicate that pretreat,mcnt of charcoal has a large 
effect on the burning rate of t,he bloc*k. A burning rate 
range: of from I.35 to 3.4 g per min per sq cm has been 
obtained in blocks of identical r:ompoxition by con- 
trolling the charcoal activity t,hrough pretreatment, 
with phosphoric acid or K2C& These data offer a 
reasonable explanation for the ability of KNOX to 
increase the burning rate. Since KNO, forms &CO3 
on burning with carbon, an alkali activator is sup- 
plied for the: remaining charcoal. 

3. CMer fuctors in~uenciry the renctivit~~ of charcoal. 
Charcoal properties suah as degree of carbonization, 
volatile matter content,, and other factors as yet, un- 
defined, which are influenced by the type: of material 
carbonized and the methods of carbonization, are no 
doubt, also important. A complet,e study of the oxida- 
tion of charcoal should include detailed data on t,he 
source and type of wood used, on the methods of 
carbonization, and on the storage and handling of the 
charcoal before use. Such data are not available for 
commercial charcoal. Crude temperat,ure and vcnti- 
lution controls in the retorts, poor timing control for 
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Tnnr.~ 3. Activation of charconl wit,11 solutions of HaPOd and &COa. 
.~ --=-.. _~. -- ..-. -- .A., - -- -. -- .~ 

Solution Burning 
fo1 ,IR of* Age of -. 

Burni rig time 
rate 

treat,ing CtM-- Mock Taper Total Kffrctive .d 
charcoal COUl days min min min min sq cm Surging 

~,, 
- “- 1.5M R,POa 1.70 3 11X 12.0 11.8 1.36 None to 10 lb/sq in. = mxxi- 

9 11.5 12.0 11.7 1.37 mum obtainable 
9 11.7 11.8 11.7 1 .a7 

Water 6.7B 3 6.3 6.5 6.4 2.51 None to 50 Ih/sq in. 
9 5.f; 8.4 6.0 2.68 
9 5.6 6.4 6.0 2.68 

Untrented 3 6.3 6.5 8.4 2.51 None t,o 50 lh/aq in. 
9 li.2 6.6 0.4 2.51 
9 6.2 6.4 6.3 2.55 

5yo KzCOa 9.20 3 5.4 5.6 5.5 2.92 None to 50 lb/By in. 
9 5.1 5.4 5.. 3 3.03 
9 5.2 5.4 5.3 3.03 

10% K&OS 9.44 3 5.1 5.4 5.3 3.03 None 
9 5.2 5.3 5.2 3.08 
9 5.0 5.2 5.1 3.15 

25% Ii,cxx 9.36 3 4.81 5. I 4.9 3.28 None 
9 4.5 4.9 4.7 3.41 
9 4.5 4.8 4.7 3.41 

Block compositiw~ - mu g w&is 
NHdNOa 83 pwt,F: 
Idinueed oil 3 parts 
ClUUCfX%l 11 psrts 

nlocks in E29R. 1 cans wit,h psper liners 
Block area: 31.1 “‘I cm 

-.~ 
* pH of dut‘ry rnudr with 10 g chnrcoel plus 10 E hoilcd distilled wntcr. Addition of nn rxtra 10 ml of wnt,cr had 110 approciahlo cffcct 011 pH vnlurs. 

the carbonization process, and division of manage- 
ment between processes, make control of the product, 
difficult. 

Atternpt,s to spccif’y the properties of charcoal by 
laboratory tests have not, as yet, been successful. At 
the! present time, the most, practical method of char- 
coal chara.ctcrization is by making a test fuel Mock. 

4. Variubles in nmmonin~m, nitrate. The ammonium 
nitrate used in these investigations has been suf- 
ficiently uniform so that clifferenccs in block per- 
formance cannot be attributed to differences in this 
ingredient. Data t,aken from pilot plant production 
of fuel blocks have shown no consistent correlation 
between changes in burning time and changes in lot;8 
of ammonium nitrat,e. 

5. Particle sixe of amm,ouium nitrate. The am- 
monium nitrate in particle size ranges larger than 
20 mesh, between 20 to 35, and 35 to GO mesh showed 
no consixtc!ntI variation in burning rate. The fractions 
smaller than 60 mesh burned somewhat faster. That 
the burning rate is relatively independent of the 
particle sizi? suggests that, the ammonium nitrate 
either vaporizes or undergoes thermal decomposition 
hofore it reacts in the block. This seems much mor(: 

probable than a solid-solid reaction between charcoal 
and ammonium nitruLe. 

(j. Moisture content of wmmonium nitrate. Moisture: 
in excess of 0.75(j/, in the ammonium nitrate affects 
t,he burning properties of the block. The tendency 
of ammonium nitrate to corrode steel also increases 
wit,h an increase in the moisture content. Dotailed 
surveillance tests wnre not made at higher moist,ure 
contents. Burning t,ests only, made on blocks 17 days 
old, indicated that O.S(Y, moisture is a safe maximum 
limit for moisture content of ammonium nitrate as 
far as its effect on burning propertios is concerned. 
Figure 13 shows the effect of moisture. This moisture 
content of O.Slr, should not be considcrod as a final 
specification, since the cflcct of moisture on the stor- 
age and surveillance of the find munitions has not 
been thoroughly tested. In any such tests, the offeet, 
of moisture in the block on corrosion of the can 
should be noted. Tt has been reportedI that moisture 
increases the powder breakup due to phase changes 
of NH,NO,. This may have to be considered also. 

It has been the practice of this laboratory to dry 
the ammonium nitrate until the moisture content, as 
determined by perchlorethylcnt: extraction, is below 
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0.01%. Tn the light, of the above da@ it might, be 
possible to modify this specification to allow up to 
0.5% HZ0 in the ammonium nitrate. 

7. Ph.~y/sicul propertics of cwnmonium nitrate. Am- 
monium nitrate is preferred over any other oxidizing 
agent, because of the large volumo of gas and heat 
produced in its decomposition. It has two rather 
serious limitations: (1) It is hygroxcopic. (2) It exists 
in five different, crystalline modifications, and the 
change in crystal volume which accompanies the 
change from one form to anothnr has beon reportad 
to cause powder breakup. The phase modifications 
of arnmoniurn nitrate are: 

109.B” 195 2” 
Vapor Z Liquid _ Cubic: I 2 Tetragonal IT 

11 84.2 
,18” 

Tctrngonal V -T IV Rhombic ‘g Monoclinic 111 

The most troublesome transitions are those occur- 
ring at - I8 C and 32. I C. Powtlor breakup due to 
the change from III to IV has been one of t,he main 
objections t,o the use of ammonium nit,ratc in rocket, 
rnixtures. Wallerant I8 smbilizcd form V throughout 
t,he entire range - IX” to 82’ by adding isomorphous 
CsN&. Cry&allizat,ion with small percentages (5 to 
2074) of potassium nitrate together wit,11 very small 
amountsof magnesium nitrate lirxaliydrat~eliavc been 
useful in suppressing the 32” transitionll In fuel 
blocks with a boilctl linseed oil binder, as described 
hero, this transition has not, appeared to be serious. 
The other ob,ioct,ion to the use of amrnonium &rate, 
its hygroscopic nature, has heen p:&ally overcome 
by the use of an oil binder and by coating exposed 
surfaces with a waterproof lacclucr. 

VARIARLW DUE TO MANUFACTURING PWCEDUKE 

Mixing. Various mixers have been used success- 
fully for blending the ingredients. The product 
obtained should be uniformly blended and the oil 
should be worked into the composition thoroughly. 
All mixers give some grinding action. In some cases 
the amount of grinding was of major importance in 
determining the propertics of the block produced. If, 
however, a mixor gives a uniform product with the 
proper particle size distribution, it, should be satis- 
factory. Soma changes in the preparation of the 
ingrcdicnts might be nenossary with other types of 
mixers. In practice it is desirable to keep both mixing 
time and the size of the charge for a givon mixer 
constant, since the extant of grinding is increased by 
an increase in the rnixing time and decreased by an 
increase in the size of the charge. 

Pressing. The factors of major significance in the 
pressing of fuel blocks includt: the following.1” 

1. Pressing pressure. 
2. IXstribution of the mixture in t,hc can. 
3. Z’low characteristics or fluidity of the mixture 

a. Temperature of t,he mixture. 
1,. Amount and fluidity of the binder. 
c. Particle size. 
d. Efhciency of coating of the mixture with the 

binder. 
e. Proscnce of wetting or flow agents. 

4. Pressing technique. 
a. Time and moans allowed for the escape of :k 

entrapped in the mixture. 
b. Time pressure is maintained in the mixturt:. 
c. Type of press, as single or double end pressing 

arrangements. 
d. Rate of pressure release. 
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Of these factors, only the first, has been systematji- 
aally invedigatetl in this luboratory. A xcrics of E29- 
typr blocks WLS made in which the prrssing pressure 
r:mgatJ from 700 psi to 3,500 psi. Afler aging nine 
&ys at, room temperature, thr: block dimensions 
were mwsured and they were lw~~ed in lhe open. 
The block density and burning late are shown as 
functions of the pressing pressure in Vigurc 14. 

Tn connct:t,ion with the rt?maining factors, only 
quditative dtit:b are available. The fluidity of the 
mixture is int:rt:ascd by un increase in tc:mperttt,llrt! 
and an increase: in the amount of liquid binder. An 

increase in fluiclitly results in more rmiform pressure 
tlist,ributIion throughout the block. In mixt,ures of low 
flnidi$y it8 is essent,inl tJhatJ the mixt,ure be cvc!nly clis- 
tribrltd in the cftn More pressure is applictl, and it 
is frequc:ntJly desirable to press in seved increments 
t)o insure uniform pressure distribution ad block 
tiensit#y. 

It, has b(:(~n found l!’ that rocket fuel pellct,s could 
be prcssd in large single increments by control of 
mixture: fluiditVy rend applicution of prcssnre ovel 
periods of time up to 10 t,o 12 min. Special tochniyrles 
in the appli&ion of pressure were cssentid t,o allow 

,600 

BLOCK AREA = 32.3 SC CM 

MINUTES 

B 
FIGURIT 18. (A) Tcrrlperature of wit, g:ttie~ rlwirlg burn- 
ing of E2!)R.l fuel blocks contitining different nmc-rurlts 
KNO:<. (B) GIW flow mt,c ~r&r :tct8unl conditinns fill 
ICNOa Rcr.ieB. 

the escape of stir trapped in the block. In some cusos 
double acting presses were used, thus tipplying pres- 
sure on both the lop and the bottom of the pellet. 

In this work, fud blocks have been pressed in 
increments. 

Lacqmwiny. The exposctl surfaces of all finished 
blocks are coutcd with u special pyroxylin buse 
lacquer for protection against moisture. For Ilest re- 
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srllts the 1ac:quer should he restric:ted to the surface 
of the block. Penr:tr:rtion into tl~c: interior ~ho~~ld bc 
avoitlcd for two reasons. (I) Tl lcrc are some indica- 
tions that organic: solvcnls promote surging with 
some charcoals. (2) An excess of lacquer t,ends to 
make the: block ignite slowly. The IXSL result,s ancl 
minimum penetration are achirved by spraying lhe 
lacquer at, as hi& a, viscosity us is praclical. This is 
tlrtermined by the spray eyuipment~ :~vailablc. Spray- 
ing is more satisfnct,ory than brushing. The lucquer 
coat, is 1~:s~ liable to crack at, higher sl,nrage tcmpera- 
tures if the block is heated before the lacqller is 
applied. 

Required changes in block-burning rate have: been 
achievetl largely by formula variation. Ammonium 
nitrate hax been the basic: oxidizing agent in all mix- 
tures, charcoal has br:en tho basic reducing agent,, 
and boiled linseed oil has Ix:en the basic binder. To 
these: ingredimts cc&in additives such as I<NO~ 
have hcen added to increase the burning rate and 
other :sdditivcs such as NH&l have hec:n used to 
lower the burning rat,e. 

hT#ect of Churcoal-A’rr,wLovliurn Nitmte Rukio WL the 
Burning h3ate.s of ES9 ‘Type Blocks. A series of 
E29Rl fuel blocks was made in which the charcoal- 
ammonium nitrat,r: ratio was systematic:ally varied. 
These were pressed into cans with 0.025in. papc!r 
inner liners, agctl twenty days, uud burned in the 
open in triplicate. Data are presented in Figure 15. 
The greatnr change in burning rat<: occurred for char- 
coal percentages below 7Oi’,. Blocks containinlr; 5C,0 
charcoal surged cvcn whan burned in the O~JCIL This 
is discussctl in detail later under surging. All burning 
rates arf! ci~mputc:tl using effective: Limo, which is the 

0' 100' 200' 

lN,TlAL BLOCK TEMPERATURE IN DEQREES F 

arithmetical avoruge of the totd burning time and 
Gie time until the burning first. begins to taper off. 

fl.flect of liimeerl C)il-A,mrnon~izbnl Nitmte Ratio ou 
BurnGng Rates (fl ZWKl -Type ~1uck.s. Jn Figure Ifi, 
dat~tt sho\+*ing the variation in burning rate of a single 
c*omposit8ion IM9Rl-type block as a function of per 
cent, linseed oil binder are givcrl. The jncrcase in burn- 
ing rate on curing is very pronounced in blocks con- 
tairiirlg 1 to 3% linseed oil. Paper liners in the fuel 
cans were not used in thenc: tests nor in those re- 
portrtl below, urilcss specifiaally mentioned. 

hifltxt of Potassz‘urr~ Nitruts Awurr~oniurn, Nitrate 
Kntio on Burning Rates of lWKl-Type Klucks. Tllc 
eficc:t, of KNO, on block characteristics is shown in 
Fjgurc 17 as burning rate vs per cant I<N03. Tem- 
perature vs time curves and the gas flow rat,{: vs time 
curves arc given in Fignros 18.4 ad 18E rfq~ectivoly. 

The volume: of gas, corrc:ct,cd to 60 E and 1 atm, 
producatl by blocks containing amounts of I<NC)3 (11~ 
to 12% was the same!, witthin cxperimcntal error, as 
the vollmte producc:ti by bloalrs containir)g no KNOs. 

h?#ect of A~~m~,ov~iuv~~ C:h.l~ide on the R umiag Rntes 
of ES und FY-‘ir’ype Hloch~ Bubxtitution of am- 
monium chloride for ammonium nitrate has been a 
sntis;fnc:~~orJr met~ld for reducing the burning rnt,c 

of fuol mixt\lres in the 11’7 and in Lhe KC3 units. In 
Figure 19, the burning rates of blocks for three dif- 
feront munitions are shown as a function of per cent8 
NH4Cl. All these blocks contain a t,op layer to give 
more: rrtpitj slarting. NH&l is added only to the base 
layer. 

A numbt:r of other modifications wcr’e made in the: 
compositii.;n of the mixtllre. For the tlctails of these, 
referc,nt:e shorllcl bc madr to the: original report,.’ 

VARIAHLER I)uIx TO THE RURUINC: C:UNI)ITIONS 

J310& temp(\rttturc, gas pressure on the block tlur- 
ing bilrning, wall e.fffx:ts, et,c., are of major si#3ic:tnre 
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in block performance. Not only do they influence the 
burning rate, but, also taemperature anti pressure in- 
flucnce tJh surging of fuel blocks during burning. 

Ir7fl7rwm of Idial Block Tempernlure on 13urwing 
Rales of li%!bType Blocks. In Figure 20 the burning 
ruto of E29 blocks is shown fts u function of the initi:ll 
block tIempc:rature. The! blocks wore in hexagonal J329 
cans and had been storctl for one ynnr in tt dry room 
at, about 25 C: before these t,ests were matlo. 

Ir~&ence of I’rcssure l>uring lhrning. In Figure 21 
the: burning rat,c of standard E2915 I blocks is shown 
as LL function of the gas pressure on the block during 
burning. The block ternpcrature was initially ahout 
25 c. 

EJJect of a Pepsi- hiner CI the Fuel Cm. Insper:tion 
of the instantuncous flow rate vs time curves fol 
stxnd:d ant?-layer E29Rl blocks reveals a gradu::+l 
increasrl in gas flow rate with time of burning. 1’11~ 
most likclgr CBIINC In is an increase in the burning sur- 
face dur to burning down t,he sides of the block. 

P m --PERlOO -- 

+ TROUGH 

Sinc:c! side blrrning is due largely to heat, conduc- 
tion along the walls of the container, such burning 
can 1~: docreased grc::ltly by placing a nonconducting 
liner between t,he wall and the fuel mixtulc>. Tn the 
IC% smoke generalor, cardboard was used by the 
National Fireworks Co. as nn insulator with good 
results. Such a liner :A in maintnining a frior~~ even 
gnu flow rrttc: and in dct:rc:ac;ing the t,:tper time. 

The results of tests to det&ninc: the minimum 
thickness of paper insulator necessary to prevent side 
burning in the: E29RI block are given in Figure 22. 

Since all blocks have thr: same composition, any 
dec:rc:ast? in burning time with a, decreilst: in liner 
t,hicknoss indicates side burning. The minimum thick- 
ness of paper to prcvcnt, side burning compl&ly is 
about, 0.025 in. However, no center cant: during 
burning was observed when paper 0.015 in. or over 
was used. A 0.015-in. liner of stencil board wax usctl 
with good rc?sult,s in the E29R,l.. 

31.3.5 Surging in Fuel Blocks 

Surging of fuel blocks is an irregular type of con- 
hustion characterized by a rapid cvulut,ion of gtts 
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followed by a sharp decline in burning rate. This re- 
peals itself marry Limes in a regular cycle, giving a, gas 
fiow rat,e curve such as shown in Figure 23 and a 
temperaturt: clrrve as in Figure 24. The length of time 
between successive crests (moments of maximum 
flow) is termed the periorl of the surge. This has 
ranged frorr~ 2 set to 50 s(:(:. Generally, an incrouse in 
the length of the period increases the violence of the 
surge. 

The tirnc: of appearance: of surging is unprctlictable. 
Jt has b(?(:n observed at, the: start, the middle, and the 
critl of the burning tirnc, as well as throughout~ the 
cntirc: burning tirnc:. It has appeared in units of all 
sizes, ranging frorn the smallest, grc!nade up to t,he 
125~lb B model thcrmtil generator, and appears to he 
very similar to “chuffing” in rock&s.‘” Substitution 
of a boiled linseed oil binder for the c&lose nitrate- 
acetone binder decrcaxed the frequency with which 
surging appeared in experimental fuel blocks. In 
fact, &&mental work was conducted for sevc?ral 
months before surging was observed wit,11 blocks con- 
t,ainirrg un oil binder. c)n the othr>r hand, cast blocks 
described later surged frequently in the early dcvelop- 
mcnt. TTurdrotls of cast, blocks and thousands of 
prcsscd blocks have been rnad(! which did not, surge. 
Nevertheless, surging is not, well understood. Tt, 
causes the mlmition to malfunc:t,ion and is occasion- 
ally dangerous lo personnel, and should therefore 1~: 
elirninxted from the fuel blocks. 

A series of blocks was made in which aqueous 
alkali sohltions and anid solutions of &f&rent con- 
centrations were used t,o replace the linseed oil as a 
bin&r in pressed compositions. The: $1 of cat:11 of 
these mixtures was determined, using a glass clec- 
trodc. From this series a definite relationship brt ween 
the pressure at, which these blocks h:g:tn t,o surge and 
the: pH of the: mixture was ostublished. Data arc 
given in Figure: 25. The pressure rtt which surging 
began was quite characteristic and was taken as H 
semiquantitxtivc: measure of tho surging tendencies. 

Uuring the development, of the 50-lb colored smoke 
Mk 72 Mod 2 bomb, blocks were mado from a nc:w 
batch of charcoal and burned in a test munition. A 
very violent, surging occurred soon after ignition and 
blew the unit apart. Subsequent blocks from this same 
lot of charcoal gave similar performance when burned 
in a dummy unit. Other blocks were thcrr madr: using 
the same lots of ingredic:nt>s except that another batch 
of nharcoal was used. These blocks did not surge. The 
evidence indicated that, in this particular cast, surg- 
ing was rt:lat,ed directly to the charcoal used. 
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lr~~~~~~~)~~ ANALYSIS OF CTIA~~UOAL WHICII 

C:AUSET> fiURGINC: 

1’1-1~: surge-producing and the smooth-burning char- 
coals were esamined in some dotail in the laboratory. 
Spectrographic: analyses of the ash from both types 
showed no difference in their mineral composition. 
X-ray diffraction studies of tha ash showed no dif- 
ferenac! between the charcoals. 

Srwface properties of the charcoals wore next con- 
sidered. Variut#ions in the performance of charc:osl 
have l)cc:n &ributed t#o the presence or absence of 
oxides on the charcoal surface.‘” Such oxides increase: 
the al,ilitJy of’ the charcoal to remove alkali from sohi- 
tion anti decrease t,he abiMy to remove ar:id.2z Char- 
coal, containing surface oxides, adsorbs polar mole- 
cults such as Hz0 more rapidly than clean charcoal, 
and will thus settle much more rapidly in water.22 

In ordrr to establish the presence or &once of 
surface oxides, both the surge! charcoal and good char- 
coal were f&ted on distilled water and the rate of 
settling of both samples was observed. The good char- 
coal wet easily and settled rapidly, thus indicating 
the presence? of surface oxides. The: surge charcoal 
fuilcd t>o wet and was still floating itfter 2)1 hours. This 
indic:atJed little surfaac: oxido. Acid capacity was 
checknti hut, differences in this test were too small to 
he significant. Thermal analysis of the two charcoals 
mad(: according to the methods of Grim 23 showctl 
no diffcrc!nces lx:t,ween the? good and surge: charcoals. 
Dat,n on smooth-burning and surge charcoal are 

z=--- -=- -- - --.. 
Test, No surgr! SurRc .~ -. 

summarized in Table 4. The mosl significant tliffer- 
ence is the evidence of surface oxidcsbn the xmootJh- 
burning charr:o:tl, and the lack of such oxides on the 
surging charcoal. 

tnininq Only Five PFI’ Cent C’harcoal. Direct, chemical 
evidence as to the reactions involved in surging was 
obtainr:d by analyzing the gases. A block containing 
only FiOjO charcoal surged even when burned in the 
open. When bumcd under a pressure of 2 cm of 
rrmrcury above atmospheric:, surging was vc?ry pro- 
nounced, and it was possible to obtain gas samples 
aLt the trough of the surge (low rate of gas evolution) 
and the c:r& of thr: surge (high rate of gas evolution). 
‘l’hcse data are summarized in Table 5. The charcoal 
used in the production of fuel blocks has been ana- 
lyzctl for C, H, N, 0, and ash. From the analysis, the 
formula for the charcoal may he written as &Ha0 + 
loo/, ash. The following reactions for the trough and 
crest of the surge fit th(? analytical data with con- 

sitieral)lc precision. 

Charcoal 
Linscctl oil 
Ammonium nitrutc: 

1. Reaction for crest: 

17NHdNOa + CaRa + O.O3C,,IInnC)~ --it 
33&O + NO2 + N,O + AX02 

+ 3.8& + I5.5N2 + 02 + I .5CO 

Overall block Composition of alcove 
composition rcscting mixture 

NHaNOa 92% NH,NOs 91 .ti7~ 
Chart:oal 5% Charcoal ci.r,oi’, 
Linricctl oil 3% Oil 1.8% 

-- . 
100~~ 100.00/, 

2. Reaction for trough : 

17NHsN0, + O.OSC:(iH,O + O.OBC:&,,,O~ + 
31i.8IIzO + 3N02 + 4COs + 14.9Nz + O.liNzO 

Overall block Composition of above 
composition reacting mixture 

NH.,NOa 9% N&N% 95.5y$ 
Charcoal 5% Charcoal 0.7’$$ 
Ilinseed oil w, Oil 3.(i(7o 

l~is~~~ss~~on. From these data the course of the 
surge reaction sin this particular bloclc may be out- 
lincltl. During the cresl of thc.3 surge, NH4NOa and the 
charcoal react, according to reaction (I). It, will he 
noticed, however, that t,he reacting mixture is richer 
in cha~rcoal (Cj.S’yO) than the overall block composi- 
tion (5”/,), and t,hus a layer of NHbNOz containing 
some linscotl oil hut lit,tle charcoal is left on the im- 
mt?diate surface of the block. This layer burns 
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+ ,4\nnlynia c~lcnlnt~l fr~.bm rrluntiore Kivrn in thch tml. 
‘1 OLtiewrd nnulyai* wns wrrrotcd for nn riir ImL. 

through slowly according to the wsc:t,ion givw in the 
t,rouglr. The linseed oil is the chief rctlwing :tgc!ntl in 
the tJrorgh rwdion, ant1 it is l~nown that, lirlxced oil 

done lmm more slowl,y than ch:l,rc:oal. When the 

slow tmming rnixt~ure ti::ts reactd, :t normal surface 
ia exposed :rrrtl the charwal again l~urns out, rapidly 
in :2 crest, rwdion. Thus, t,he process is cyclic. Tt, is 
prddde tlrut the linseed oil wrrwmtd in the crwt 
rtwtion is present on the wrfxe of the charcoal. 

This rrrechaninm of surging in a block contnirring 
50/o chnrwd is supported by the following expwi- 
medal data. 

1. hrdysis of gases from the trough, crest,, :bnd an 

intlermdiate point in tha surge qde, has given 
definit,o and consistent, wqwimentd srlpport, for t#he 

reactions 0uIlined. 
2. Blocks made at I,lre snmc: lime with llie sam(: 

procedure: from t,h(: same irqrdients, bul cont8nirrirrg 
7, 9, 1 I, wit1 KYjj, cli&rcoal, did not, surpP under :Uly 
pressure, xince only KV~O cliarcoal ifi necessary t#o 
maint~niri the crest rertction orrtlined in the prwcding 
pamgryh. 

3. Such a 5%, charco:~,I l~lock, cvlren hurrd in th(! 
open, sliows :L mild fovm of surging which w.s ampli- 
fietl by any rest8rict~ion to the h&h g:t~ flow. 

4. When t,lw SC%., blwk surges in the open, the 
c+rcst of the xurge and the cred wdy is marked by the 

evolut>ion of a large! riuml~er of sparks. The comt)irs- 
lion of chwwd g&s sparks while t,he combustiorr of 
linxeed oil dors not. 

SUKC:ING IN BLOCKS CONY)AININC+ ELEVEN PER 

Chw CHARC’OAL 

Armlysis oj C:n.ws li’rwi~ Sw~ging Block Chntaiwihg 
Elever~ Per Cent Ci’hwr:oul. %~a1 K29-t#ype Mocks 
which surged had the following composition. 
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Compositions for the crest and trough nre very 
claw to the: prr:parr:tl cornpoxiLiorls of tlw Idwk. Oon- 
siderddc (:8rbo11:1(:(:01~~ rn:~Lc:ri:d \V:I,S l(:ft, in tlic: fuel 
containw. 

1. A large difference in composition between 
trough :tnd (*rest samples was ad observed. 

3. The data indicate conclusively that large dif- 
ferences between t>rough and crest such as were d- 
served in the 5’;;; charco,zl block do not, exist in the 
11(X, cllarcoltl 1dOClL 

T~iscussiorr. An cqd:Lnation of surging in the: 11%) 
charcoal block is suggc~std 1)~ Llw rc:sultx from the 
.57& chsrcoal Mock. If l,he ch:trconl in the ll(l/u block 
were riot, of uniform :Ic:LiviLy, Lhc rnorc rcdily com- 
bustilde maltc~rid woultl burn 011 t, first Lo give the 
cresjt, of the surge:. Tlic INS wtivc m:r.Lcri:tl would 
thm burn mow slowly in th: LIWII~~ Ax soon as it 
frwh Iayc:r of ~1-1~: Mock ws :tguin exposed the more 
:ctiw charcod wt~dtl l)llrn r:tpitlly to give another 
crwt, :.mtl Lllis wor~l~l be followed by 1% t)rough. Since? 
clued would be burning in both cases (cont,rwt 
with the block containing ,Yxj chnrconl), the rwwtion 
products slioulcl be the same in both C:LSC’Y oscc~pl; for 
sornewh:tt more complete combustion where the ch:w 
cod is not ati ~zvdahle. This is actually observd; 1,110 
per cent, CC& is slightly higher and Cc) is loww in Lhe 
trorlgli where charcoal is presumnbly Irss rcac:Live. 
The more rapid combustion at, Llw crcsL wordd es- 
plain the maximum tcmpcwt,urc: fond Lllc:rc:. 

Wlwn 1~\2-0 reducing agents are present, in a mist>urc: 
c:orit:Lining sufficient~ oxidizing agent, for both ant1 
\vhc:n Llic oxitlizing agent resct,s in the gas or vapoi 
~IILLSI:, Ll~cse two reducing agents tend to 1~: oxitlizctl 
sirnrdt~:tneously , TTowever, one will us~dly re:tct 
laster than the other anti lwwmt: tlqddcd from the 
reacting layer. The oxidation of 1,11(: scwnd agent, 
then proceeds at> n slownr ratt: until Llic burning layer 
reaches more of the first :~gc:rll. This results in 
periodic changw irl the l)luGng rat,e and has been 
observed 88 surging in tlicrrnitl generat,or fuels or 
chufing in rockc:l fds. For example, if both chnr- 
cod and sulfur wv(w: idwlctl in the same block wit>h 
sufhcient, oxidizing agchnt for lwth, the mixture could 
he expedecl to burn with pcriotlic: fluctuations in the 

burning de and :dst) in t,he relative pwwntnge of 
CO or CO2 uutl SO2 in the reaction gases. In this case 
the couiw: of the two rc::lc:Lionx could he easily fol- 
1owc:ti iri Lhe analyses of gas samples taken at several 
times during :t surge period. 

The: rwults with 5(%, chsrt:od in the fuel represent 
:L similar cuse with the: linwed oil ancl charcoal serving 
:IS the two reducing agents. IIere it, is not fro c:nsy to 
tr:wr: the two reactions in Llie gas analysis, but, it is 
possible, arid this has bn done. It is not, necessary 
that, the IWO reclucing aLgonts be different chcmicnl 
c:ompormcls. If tht: wrnc oliemicd compound ic; prw- 
erlt in two differwt physical states such t,haLt one r(:- 
acts more readily than Lhe other, tllc: w,rn(: pcriotlic 
burning will rwult. rn Lliis citse it, will not, I>(: possible 
t,o trace the slow :d fast reaction hy tllc rbnalysis 
of the rc:action gases, Nitice hot>11 result in the same 
gnstwus prodwts. This was the cut3e with ll(%, char- 
coal in the block. 

It is not c&c: dear why the more reactive com- 
pound dots not, continue t,o ronct clown tllrt)llgh the 
block arid lw~vc: the less reactive: t)eliintl Lo hum lat,er. 
Jt, is a,n c!xpc:rirnenL:tl fact, howwcr, Lhut this does not, 
occur irl thwc highly consolidntctl fuel ldocks. Tho 
rcnction proweds regularly down tllro~q$ the block 
:mti wmpleles itself in orw layer before passing on to 
the next. 

In the case of charcod usctl as thr redlrcing agent, 
iL is unde~~tlLnd:~ble thst one part, wultl 1)~ more re- 
ac:Livc Ll~tn another or that lntcwt, tcntlcncics in that 
tlirecGon could be further dt:vc:lopctl in the course of 
processing or burning. This 1~s l)ccn apparent in 
several t,ests. Surging rc:sult,etl from the dlition of 
wder or alkali solutions to Lllr ol~~trcod. The water 
would td t>o tlovdop differences in wet,abili ty, nut1 
the dkdi in dkali adivulion. Surging in tht: intcr- 
mt:tli:~t,c: pressure range has been obswvd, hut, not 
at high prwsrwes (.500 to 1,000 psi). This may bc due 
to tliffcrences in the adsorption of the: oxidizing 
w~pors, which are critical in this wwgc:. Low Lern- 
perittures often nugmwt surging Lcdencies, whereas 
linseed oil as n hinclw tlirninislics them. 

Charcoal oxitlatiw is rt:Lartlcd by surlftce oxides 
and the catalytic action of dkdi is (lue to its ability 
to remove those: oxitlcs :mtl expose LL clean reaction 
surfnct:.‘” Clc:m cl~rcoal without, oxides on the sur- 
f:w: woultl br more redive than that heavily coated 
with L1w oxitlrs. This clean charcoal hums very 
rapidly arid protluc:Ps 3 vcr’y violent and even ex- 
plosivc: surgr. Tliis wts ohserved in connection with 
a charcoal which snrputl ant1 ldew rtp. Examination 
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of this charcoal gave evidence of very little Fiurfacc 
oxide. Smooth-burning churt:oal gave evidence of 
considerxblo surface oxide. 

SUMMARY OF E:X~JB:RIMENTS 0N SLIRGING 

The following are experimental facts regarding 
surging. 

1. Surging is related to the charcoal used in the 
block. 

a. Surging charcoals and nonsurging charcoals 
show no diff orence in ash c:omposit,ion. 

In. Surging charcoals give evidcnc:c: of little sur- 
face oxide; nonsurging charcoals give evi- 
dence of surfaeo oxides. 

2. Water and aqueous alkali binders prom&c surg- 
ing of charcoal fuels. Aqueous acid binders tend to 
retard surging. 

3. Surging of thermal gcrwrator fuels is prornot,cd 
by pressurt! in the range 0 t,o 100 psi. Surging of 
rocket fuels takes place at comparatively low rocket 
pressures (300 tjo 400 psi) which are high compared 
to thermal gcncrator pressures. At, high pressures 
(1,000 psi +) rocket fuels do not, surge. 

4. Surging of bot,h rocket and thermal generator 
fuels is promoted by low initial fuel tcrnporatures. 

li. Surging tendenc:ic:s increase with the: age of char- 
coal blocks. 

6. The simple geometry of the unit in which the 
block burns is apparently not related to the surging 
of a fuel block. 

7. Surging was observed in a block containing a 
low percentage of charcoal (5%). 

8. Analysis of the gases from a block contJ:tining 
VyO charcoal which surgctl indicates t,hat more char- 
coal burns at the crest of tin: surge. More linseed 
oil burns at, the trough of the surge!. 

9. Analysis of the gases from a block c:ont,aining 
11% charcoal shows no large tliffercncc? in composi- 
tion bctweon gases from the trough and c:rc:st of a 
surge. 

10. The tcmpcrsturc of fuel gases rises from a 
minimurn at t,he trough to a maximum at the crest 
of the surge. 

11. No relationship bot,wc:r?n particle size of the 
ingredients and surging tendcncios has been detected. 

PKEDICTION~ BASED ON TIIE NIECITANIRM OK SURGING 

Predict,ions (1) and (3) have not, been checked by 
actual experiment. They arc given here as a guide for 
further work. 

I. The surging period is longc?r whorl small amounts 

of fast- or slow-burning charcoal are mixed with large 
amounts of slow or fast cliarc:oal, respectively. 

2. Two charcoals with different burning rates, but 
which do not, surge when cnch is used alone, produce 
surging when used as a blend. (This has been experi- 
mentally verified in one case.) 

3. C%urc:oal from a single retort batch may be tree 
from surging tendenci,es. When batches are blended, 
the probability of surging increases. 

It is to be not,od that the nature and amourit, of 
binder used may introduce unexpcatctl results in the 
NTX~NOa-cl~urco:~l syst,em. 

31.3.6 Storage of E‘uel Blocks 

Two difficulties in particular are to be anticipated 
in surveillance of munitions containing NHANOZ as an 

oxidizing agent. These are (1.) moisture damage, and 
(2) powder breakup due: to phase changes of NHbN&. 
Of these, the first has bc:c:n the most serious problem. 
In munitions burning at the low pressures of the 
tllcrrnsl generator, the cffcct of slight surface cracks 
from phase changes has not been so significant as in 
high-pressure powders sncll as gunpowder or rocket, 
fuels. No completely satisfactory mcthotl of water- 
proofing the block it,self has been found, and the 
blocks must;, therefore, be used in sealed munitions. 
The linseed oil binder and pyroxylin lacquer coating 
have increusctl the moisture resistance: so that, blocks 
in sealed units can undergo survcillsncc: t,ests satis- 
faat,orily. 

CIIANCE IN BUENING PROPERTINS OF E29 BLOCKS 

WITH hGE 

In Figure: 2ti, the burning tirnc: of the hexagonal 
E29-type blocks is shown as a funt:tion of the age of 
the block. The blocks were stored at, t,ln? three: tem- 
peratures 25 C, 3-O C, and 66 CJ and cooled to room 
tc!mperature before being burned. 

The conclusions on curing lZ29-type blocks are 
surnmarizecl. 

1. A pronounced ucr:c:lcration in burning rate (de- 
crease in burning time) occurs as the block cures, the 
most rapid change occurring during the first five 
days. This is followed by a more gradual change for 
16 to 20 days. The burning rate is tln:n virtually con- 
stant for a given temperature of storage. 

In some cases equilibrium is reached before 20 
days, but, in general, no change! in burning rate oc- 
curs after 20 days. Dat,a are available for blocks as 
old as 563 days. 
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6.0 

2. The time required to reach equilibrium at high 
storage tcmpcrul~lrcs isnot significantly different, from 
that required at lower temperatures. The equilibrium 
burning rule for the high temperature is slightly 
higher than that for lower temperature. The initial 
rate of change of burning rate with time is, however, 
more rapid at the higher temperature than at the 
lower. (Figure 26.) 

High-temperature storage at, (j0 C decreases the 
avoragc: burning t,imn of I<29 I~loclw by :~hul, 0.3 

+ 0. I- min as cbmparcd with t,he avoragc? of blocks 
stored at, room t,cmpor:*t,urc. 13gurt: 2ti shown a 
tliffercncc of ahout 0.4 min, I jut, the overall averages 
for a large number of blocks was less. 

3. This behavior was general for all E29 mixtures. 
These changes during curing wcrc at, firsl attrib- 

uted to the polymerization or “drying” of Lhe lin- 
seed oil used as a binder. If this were so, a cam- 
mercial paint dryer in the formula should shorten the 
curing time. A paint, dryer actrlslly did not have any 
cff~l, on the curing, although it did very markedly 
sliortcn t,lic: drying time of a. t,hin film of linseed oil on 

glass. 
An ammonium pic:rut,c:-ammonium nitrate- am- 

monium tlic:hrt)m:r.Ic-linsc:c:tJ oil mixture showed an 
excessive incrcasc in burning rat,c: on curing ( I Sci’~O 
increase). On the other hand, NH4N03-(NH4)2C:r2(~,- 
linseed oil mixtures showed no change on curing. 
Simple polymerization of linscctl oil in Lhc block 
apparcnt1.y does not account for the cliungcs. The 
reducing agent, mdi as charcoal, ammonium picrat,c:, 
or guanidine nitrate, appears to have a far grcatcr 
effect. 

All NH,NO, base blocks containing a linscctl oil 
binder withstood cyclic surveillance and showed no 
breakup. Even blocks burned under 30 11, gas prcs- 

sure aftor cyclic surveillance gave no evithtncc: of in- 
creased burning rate due to internal cracking. 

31.4 NONCARBON PKKSSP:U JWEL 
MlXTUKES 

In view of the nonuniform propcrt,ics of charcoal 
discussed in the preceding text,, the preliminary de- 
velopment, of a pressed &?I block which does not 
contain carbon was carrictl out,, and excellent pros- 
pects of improved porforrnance were obtained.” A 
survey of possible oxidizing and reducing agents for 
use in t,hcsc: fuclx was made. Based on this survey, 
scvorsl promising mixtures were considered and those 
were given extensive preliminary tests in lined cans. 

A mixture composed of guanidine nitratc:, nm- 
monium nitrate, linseed oil, and ammonium tlichro- 
mate showed more promise as a thermal gcncrator 
fuel t,han any of the other new mixt,urc:s tested. 

31 .I,.I G-uanidine Nitrate-Ammonium 
N-itrate-hrnrnoniurn Dichmniatc- 

Linseed Oil 

VAWATION OF BUHNING RAW ANI) Oww Bmctc 
PROP~TI KS WITH (NH,&C:r&~ C:ONTENT 

A lmsic mixture of NI&NOa and guanidino nit,rat,c 
was prcparcd in stoichiometric proportions for t>he 
reaction 
(NH,),CNTI . IINO, + 2NII.,NOa- 

4Nz + 71120 + COf. 
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VARIATION OF RUUNINC: RATE WITH TNITIAL BLOCK 

TNMPERATTJRE 

In Figure: 29, the burning ratc:s of blocks in the 
open are shown as a function of the initial l~locl~ 
tc:mper,zt8ures. ‘1‘11~ variation in tjurning rate with 
tr:mpcrature for this mixture l)etwt:c:n 50 F and 
220 I? WM smnll. Blocks held at 220 1“ fiwdled some- 
what. This muy account for the slight decrease in 
burning rate st, tlw higher temper&w:. 

VARIATION (:)I+~ ihRNI?W H,A’FK WITH PREAWRE 
In Ir’igure 30, Llie twrning rate is sllo~n :LS B func- 

Con of gas pwssurc: during burning. ‘1‘11~ IJocks h>\ld 
the same wmposition as those lrsetl in t811c t,cnqwr:~- 
ture study. 

Representative blocks of Ll1~: tiarne composition as 
those: used in the temperat we study w:rc stowd for 
thrcx: wxks under the follucvir~g cwntiitions of t,c:m- 
prdurc!. 

1. H.oom tcmpwdrr! (nhorrt 70 to Ml I?), low 
1iumitliLy. 

2. 150 F, low humitlity (blocks were put in the 
oven after three (lays wring at room t,emperatJrlre), 

3. Cyclic Lemper:*.Lurcs. Hlocks were held 12 t,o 72 
lir at low tempcr’:tluro (0 to 20 V); then transferred 
to 150 F storage sntl held for :.m qunl period of time. 

This cycle was repeated eight to ten t>imes. The 
temperature range includes two Lr:1ntiition points for 

NH~NO~. TIlocks were sealed ugairk moisture:. 

IMa showing burning ral,cs of gunnidine nitrate- 
ammonium nitrate-linseed oil-ammonium dichro- 
mate blocks after storage ~mdc:r each of these condi- 
tions are shown in Table A. All Idocks wwc brought, 
to 70 3 before burning. 



VOLLJMK rl'~~~~~ DATA 

rl'ERTS IN l?.!.:2Slbl 

1M9Rl-type blocks wcrr l)rlmed in IC2Slbl units. 
(:u:.midine nitrnt>c: I~loc:ks gave escellnnt, pcdormtnce 
in the unit. 

31.42 nismssion of Noncarhon Mixtures 

Binw romposite propdlnnt~s of gunnitlinc: nitrate 
tiavc: never shown c:liuffing in rocket fuds, this mis- 

turc offers promise of more complete: wnlrol Of surg- 
ing in thermal gc:nc:r:ttor fuels. The: most annoying 
feature of this mixture is the 19’s inc:rcuse in burning 
rate on curing. Howrver, t,his incr~nsc is not cx- 
CPWVR. 

The import,wce of the rwlucing agent, to the: burg- 
iug probhrri is further emph:lsizcd by these! t(:sLS. Ill 
Blacks containing excess (NH 4)sC:ra07 hut no reducing 

l+‘rt:uati 33. GHS flnw rate - (irnr cm-ves for gas volurrlc 
reduced lo 60 F and 1 :L( tnosldiere pressure. 
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agent, surging was severe in the: unit, the volume 
t,est,er and the prossure tester. Blocks containing 
sulfur showed sorncwhat, less tendency to surge, 
while those containing guanidinc: nit,rnte or atn- 
monium picrutc showed no surging tendencies. 

31.5 CAST JJ’IJ EL COMPOSITION ‘3 

31 ..s.I Comparison ol’ Cast and Pressed 
Mixtures 

Cast lucl blocks differ from pressed blocks in that 
(1) tha linsocd oil binder of the pressed block is re- 
placed by l.OIM or 0.7SM HJ’Od; (2) the burning 
rate of cast, mixtures is controlled by variation in t,he 
relat,ive amounts of starch and charcoal present, in 
t>he mixture; (3) the cast, mixture is poured into cans 
while molten and allowed to solidify, whereas the 
prcsscd mixture is compacted under prossure. 

The basic chemistry in the combustion of t,he two 
blocks is very similar. A number of the basic princi- 
ples, such as the effect of the particle size of t,he char- 
coal and alkali catalysis of the burning, can be ap- 
plictl to cast, mixLurc:s as well as to prcssetl. 

3.1 5.2 l’roperties of Cast Mixlures 

Cast mixtures are, in gcn(?ral, much slow(?r burning 
t,han prc:ssc?d mixt,urrs. Burning rates range from 0.6 
to 1 .8 g per rnin per sq cm. Thovolumeof gas produced 
per griirn of mixture, measured at (31) F and 1 aLrn, is 
about the same in cast, and presxc:d mixtures (0.81 1). 
The t,ernper:tt,urc? of the gax(:s from a burning cast, 
block is somewhat, lower than from a pressed block; 
thur;, the overall capacity of cast, blocks for evaporaJ- 
ing other agents is loss. 

Cast, blocks are more difficult to ignite and have 
presc:nt,c:d a much more serious surging problem. The 
ignition temperaturc? of the loose rnixturt! is compara- 
ble to that, of loose rnixturc? for pressed blocks (21)O to 
240 C), but :i block of cast mixture requires considora- 
ble hot slag from the start,c:r to initiate combustion. 
Cast blocks ignited cm t,ho surface with H bunscn 
burner or blowtorch did not, continue to burn after 
t,hc t,orch was removed. Block density ranged from 
1.41 to 1.52 g pc:r cu cm. 

cast, mixtures presented a rat,her serious corrosion 
problem in unprotected cans. A means for protcc:Ling 
the metal would have to 1~: used or the composilion 
of t,he mixture changed. The mechanical strength of 
tllc: mixture was good. Unit,a withstood transit md 

handling well. Tlic: cast mixtim! was never subjected 
to cyclic surveillance to check the! action of NH4N0, 
phase changes. 

31.5.3 Manufacturing Procedurr 

BASE MKUURE 

The base mixLurn consisting of NI14N03, charcoal, 
phosphoric acid, NH&l, :tntl starch was mixed in a 
Simpson intensive mixer for about 10 min, then 
meltcti in a deep st,c:am-jacketcti ket,tle supplied with 
steam at 50 psi. The molten mixt,ure flowed into the 
container placed on a balance! pan below t,he outlet 
of the kettle. The formulas usc!tl are given in Table 2. 
MelLinK temperatures ranged from 110 to 120 C. 

Tar MIXTURE 

While the! base mixturr: was cooling, a faster mix- 
Lure consisting of ammonium nit&,(:, ammonium 
chloride, charcoal, sodium nitrate, and phosphoric 
acid was mixed by hand ant1 melted in a smaller 
steam-jacketed kettle. This mixture was poured onto 
tlic: top of tlin base layer and allowetl Lo cool. 

STARTER MIXTURE 
The st,arter mixture was 54(x KNOa, 4O(l/o silicon, 

and tj% charcoal inlimately mixed in the dry state 
and made into a slurry with a binder of .5’To cellulose 
nitrat,e in acetone. This slurry was distributed over 
tllc surface of the block in a gridiron p:tttc:rn. 

SAFETY H.ATING OF TIIIC PI~OCE:B~ 
l’hc: product ant1 process were examined by t,llr: 

SafcLy Section of t,he U.S. Bureau of Mines, ant1 the: 
prot:c:ss was classifiotl as at 1easL no more hazardous 
than the manulacluro of black powder. The product 
is less hazardous than hlaok powder. 

31 .5.1# Factors in the Control of Cast 
Block Characteristics 

As in pressed l)loc:ks, charcoal was the least, uni- 
form ingrcrlient. Conclusions concerning ingredients 
of presscrl blocks are equally applicublc to cast, units. 

VARIATIONS IN THE MANUBACTU~~LNG PROCEDTJRES 

A det,ailed st,udy of the manufacturing procedure! 
was not mtttlc. A standard procedure was cstablishctl 
and followed as closely as possible. Mixing tirncs, 
casting t,ernpcr:rt,ures, md the like were maintainotl 
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Melting 
Ays t,ern 

Mole Ojo Mole % 
poinl, C 

Molt y. Molr 7. 
NHaNO -3 NaNOa NH&l Other 

a. M~lthy points nntl wrrrpositions 24 fur wtectic salt w~;i.~tures. 
N TLNO, - NxNOs 120.8 80.27 19.73 . . . . . 
NTT,NO, - NH&I 140.9 82.92 17.08 
NILNO, - (NH,),HOr 

. . . . 
So ellt,cct,ic 

XHaNOa - ;“;d’O~ - NH&I 112.5 74.70 17.71 7.53 
NH,NOa - NH&I - liNOa 134.5 76.64 13.92 
NH,NOs - N Hq(:l - T,iNO, ii. i0 

IG& 9.54 
113.ti 76.73 TiNOx 9.17 

h. Eject of water mfreeziq point of NH,XOs. 

Wt, ‘s H,O 0 1.05 2.01 3.20 4.39 6.24 X.76 10.04 
b’reezinp, poinl., degrees C: 169 157 146 133 122 112 99 95 

0 4 8 12 I6 20 
WEIGHT PER CENT NH~CI 

FICIJRF. 34. The syatwn NH4NOa - KtlNOs - NIIaC:I. 

fairly constant. Bevtd problems qpcared in the: 
casting process which were troublesome. 

Evdution of Gns. Some mixtures gave ofi NH3 on 
boating. This cmusad swellin g anti produced holy in 
t,he t~lock. NH3 evolution was minimizocl by the atitli- 
tic-m of H,P04 solution to the mixturo. 

huwhg of the Melting Point. This WLLX >hccom- 
plishd by formula. variation. 

L~orrosion oj Castin,g Kettb. This CWM minimized by 
using H,PO, inslcatl of other tlcids t,o retard the: 
NIIa evolution. 

Table 71~ incli&cs that, water is very effective in 
lowering the: freezing point of NH4N03. 

These d&t wc?re supplemented by additional phase 
invc?stigations. &mplcs were melted in a small test 
tube suspended in an oil bath. Cooling curves were 
obtsinecl for e:tch mixture. Analytical or crystallo- 
graphic studies wcrc not, made on my of t,hc phases. 

E’c-)RMUI,A VARIA’L’I(:)N 

T3urning rates and melting points of cast mixtures 
liavc: b(:c!n brgcly controlled by formula varidion. 
Phase cliagrtm~s of NTIINO~ syst,cms were studictl to 
obtain a low mdting mixture of oxidizing salts. .V:i.ria- 
tion of the retlu&g agent, WLS usorl to control the 
burning rate. 

L)atu for a part of the Icrnnry system NH4NOa- 
NI14C1-NaNC)a are given in Figures 3,~ and 3.5. L)utu 
for the ternary system NHaN03- NH&-I-I20 aw 

given in li’igure 37, md for t,he quaternftry syst,cm 
NH4N03-NH4Cl-NaNC)3-Hz0 in Figure 36. The 
melting point of ammonium nitrate and the d&t in 
Figures 36 and 37 indicate t#hut the NH,,NOa used in 
these esperiment,s was not absnlutcly dry even after 
drying lor 16 hr at, 100 C. This nitrate apparently 
contains abord 0.25{y0 water, but this water is re- 
moved with grent tlificulty and is not det(?ctable by 
hcsting at 70 C or by porchlorethylene extraction. 
Thus, this nitrftte would be reported us OyO moisture 
if checked by the t,cc:hnique given in thr spcdications 
for NH,NO+ :md would be considerd “dry” in 
rcgulnr production work. 

Ph.nse Diagm,~/s. Ph:~s(: diagrams :tnd molting point The: cutectic mixture of NH4NOa -NI14Cl-NxNC)3 
information for 12 numbc!r of pertinent syst,ems 24 from rtppc::-ud promising, but, blocks made lrom this oxi- 
t#he litc:ratJure are summ:trizecl in T:tblc 7. dizing mixture wit,11 clitlrcoal as the reducing agent, 

WEIGHT- PER CENT Nci NO3 

FMXE 3.5. The tiydern NH4NOa - NaNOy - NHrC:I. 
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0 
8 120 

ii 
2 
2 
2 
3 110 

SUPPOSEDLY 
DRY INGREDIENTS 

r 

100 
0 0.5 1.0 1.5 2.0 2.5 

WEIGHT-PER CENT H,O 

FIMJW 36. The syskm~ NH,NO, - xmYOa - NHJI 
- HZO. 

surged violently and burned too rapidly. It seemed 
desirable to elirninatr: the NaNOa, HIP, since this 

resulted in a rise in the melting point, water was 
added as suggested by Figurt: 3% These blocks 
showtltl a tendency to swell on cooling and :dso 
surgctl when burned. 

Addition of l.OM H ,J-)04 minimized the evolution 
of NH, and also aided in the control of surging. From 
tests with a varict,y of compositions, t,hc following 
formula was evolvotl. 

NIIdNOa 83y(, 
l.OM HaPO~ wh 
NTT,Cl W, 
Charcoal 
8t,arch > 

11% 

Th(! burning rate was controllotl hy variation of the 
starch-charcoal ratio. 

0 I 2 3 4 

WEIGHT-PER CENT H20 

E’rcun~ 37. The Hystern NTT,NOs - NH&l - H20. 

l$lJect of Stawh on th,e Burning Rate. Variation of 
burning rate as a function of per cent, starch in the 
block is shown in Figure 38. Percentages of starch up 
to 2.5(!& have littIc effect on the burning rate, but, 

percentages in the range 2.7 to 4.0 influence t>h(: 
burning ratn markedly. 

l3Je’ect of $1 L$ the Mixtum. A scricx of cast blocks 
was made conluining diffcrcnt (:onacnll.Lllions of ncitl. 
The acid strength had a very marked influence: on 
surging. Blocks containing 0.75M IX,PO.I showcrl no 
tendrncy to surge, whiln blocks cont,aining 0.25M 
TT,P04 nurged so violently that seams of t,he fuel cans 
were split. Conclitionn other t,han acid concentration 
WCIY: identical in hot11 sets of blocks. Tn a fr:w later 
cases’, increasing the acid concentration did nol cotn- 
plctely eliminate surging. Although the acid had a 
definite effect in controlling surging, it, W:LS not en- 

tirrly satisfactory. 

Cast Mocks sl~ow no change in bllrning rate: on 

curing; how(:vcr, blocks with mild srqing charat:- 
teristics d(!vc:loped much mor(: violent surging prop- 
erties aft,c:r storage. Storage at elevated temperatures 
appcarctl to cause? a gr(l:tler tendency tJo surge than 
storage: at room tempcmture. 

Cast hlocka pourc:d into noninsulatc:r1 light gauge: 
cans corroded through from th(? insitlc :dLer ;about, 

50 to 75 days in tither tropical 01’ desert stomp 

31.5.5 Suggckms I’or ~I~rqroving Cast 
Mix trrres 

Cast,ing a fuel block, rather than pressing it, shC)I11(1 
have a con~itlcrable aclvant,agc, especially for large- 
scale protlu(:tion. A numh(:r of the difficulties en- 
countered with cast blocks might be overCom(:. Based 
on tho prosr:~~l knowledge, certain principles now seem 
apparent which should serve as a guitlr for further 
development. l“irst, a single reducing agent should he 
used to control surging. This agent, could be charcod, 

cart?fully prepared, and meeting rather exact specifi- 
cations, or a purt: compound such as guanidinc 
nitrate or amrnt~nium picrat,c. Scc:ond, the use of 
water or acid solutions shoulcl 1~: avoided. 

31.6 OTHER FUIXLS FOR TTTEKMAL 
GENERATOKS 

The: tlcvelopment, work described in the preceding 
text, was done on mixturesof two or IllOr’ principal in- 
gretlicnts either press& or cast into a solid block of 
fuel. At, the time, thcsa were believed to hold the best 
promise for satisfa&)ry application in the thermal 
ganorator munitions. The results achic:ved apparently 
justify this belief. Nevertheless, it is recognized that 
other fr tels have merit and dnsorvc consideration. 
These may be classed as othor solid fuels and liquid 
fuels. 
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31.6.1 0th Solid Fuels 

Smokclrss powclr?r has been d~~vt~loped and used as 
a m&t prop&nt. Althorngh locket fuels burn uncler 

an ent,irely diffcrcnt, sc:t, of conditions t,hnn do Illcrmal 
gt?nerat,or f’rlels, :L god many of tlic problems of pro- 

duction and operation ~tr(: similar, ftnd mixtures Rui t,- 
:hlc for rockets can br! modified in rnnny cases to givt: 
~:~tisfxt~ory fuels for I,licrrnal geneUors. Smokrlcns 
powd~~r is the most common rocket propellanl, 
though during World War 1 I a number of compoeilc 
propc:llsnt~s such as intimut,c: mixtures of ammonium 
picrate and sodium or potassium nitrate were dc- 
vt:lopc:ti. The advantages tlrltl(iisndvsnt:tgc:s of smoke- 
less powtlcr and composite propellants for rocket,s 
have been c:ompsrt:d ‘” and t#lic following advantages 
and disatlv:trlt,agc~s nre pertinent to fuel l)lock per- 
formanpe for tlicrmal generators. 

1. The composilion and propert,& of smoke& 
powbrs are familiar through their use as g11r1 pro- 
p~llants. 

2. Thc>y can be rnarlrrfttc:t,urc?d with equipment on 
huntl, by known proceascs. This is perhaps their 
greatest :.tdvant,age. 

1. The burning rate of smokeless powder is sensi- 
tive to changes in tllc gas pressure. 

2. The burning ratcl is sensitive to changes in the 
initial powder tempcraturc:. 

3. At, very high and very low temperrtlurcs the 
meohanical properties of thr: powder show fuiluro. 

4. Cliufling, an irregular burning similar to surging 
in fuel I)loc:ks, is encountered at low temperatures. 

5. Production of thick grains is difficult; the sol- 
vc:nt>Iess process makns such grains possible, but 
cquipnient for tlic production of aolvent,lcss powder 
is limitJed. 

AIWANTAGES OF COMPCWITE FTJELS OI+ AMMONIUM 
PICRATE ANU SOIIIUM NITRATE 

CompositJe propellants vary with their composi- 
tion. For a mixture of ammonirml picrat>e and sodium 
or pot,assium nitrate compounded wit>h a suitable 
binder, tlic following is pertinent. 

1. ‘l’lirb burning rate is mucdl less sensitive to 
changes in equilibrium pressrlre or arca of burning 
surfat~~s than are those of smokeless powders. 

- 

’ 0.6 
EACH 0, I % STARCH ABOVE 2.7596 

2 
DECREASES BURNING RATE 
0.08 G PER MIN PER SO CM 

f ,“‘: i71’-.Ti -LT-‘\ti In ’ 0 I 2 3 4 5 

PER GENT STARCH 

2. The dependence of burning rate on t,he initial 
powder temperature is about one-fifth that of a 
typical smokeless powder. 

3. No chuffing pllcnornc:na appear :tt any prcssurc:. 
4. Material can 1~: produced in a wide range: of 

block sizes. 
5. A wide range of absolute burning rates is avail- 

able due: to th tlnpendence of the burning rates on 
the part,ic:le size of t>he basic ingredients as well as the 
mixtrrrc composition. 

I)ISAI)VANTAGEB OF COMPOSITE AMMONIUM PICRATE- 
SODIUM NITRATE FTJELS 

1. Its prt,paration is not suited to c:onvc:ntional 
powder manufac:t,uririg equipment. 

2. Mechanical strength is somewhat low. 

For a mixture of charcoal, pot~asaium nitrate or 
potassium perchloratc, and a cellulose nitrate binder, 
the following is pertinent. 

1. Tlic~ burning rate is much less prcssurc sensitive 
than that for smokeless powder. 

2. ‘1’1~ drpontlcnce of burning rate on initial 
powder ternpcrat,urt: is one-sixth to one-half that, of 
a typical srnokrlcss powder. 

3. Chuffing phenomena arc cncountered only at 
very low pressures (probably several hundred pollnds 
per square inch in most rockets). 

4. The powder shows increased mechanical strength 
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at high temperatures, as compared with double base 
powder. 

5. There is a wide range of absolut,c burning rates. 
B. Dennities arc 10 to 25% above conventional 

double base powders. 
From this summary of the burning characteristics 

of rocket fuels it, appears that composite propellants 
and related powders are more suited to the burning 
conditions and the wide range of burning rates rc- 
cjuired in the thormal generator than smokeless 
powders. 

31.62 Liquid Fuels 

Liquids RUC~ as hydrogen peroxide have beon used 
successfully as a source of hot gas under pressure. 
They offer the desirable feature: of a controlled rate 
of gas generation. The design of storage space and 
the means for controlling t,hc rate of gcncration 
within the munition must bc necessarily quite simplo 
for these small munitions. Tt, is questionahlo whether 
this rest,riction could be met, with liquid fuels at tha 
present, tirne. 



Chapter 32 

NEW SCREENING SMOKE 

By E. W. Comings 

MIXTURES 

32.1 TTTE CTTANGTNC HF,QUlKI<MENTS 
FOK SMOKE POTS 

B UT11 TIIK TACTICAL :Irltl pl’duct>iOn r’et~uiretneIltn 

for smoke pots varied wnsiderul~ly during 

World War IT. At, fir& t’he nv:tild~le smoktr muni- 

Gons consist,c:d of burning potIs gcnwating smoke of 

m&l chloritlcs such :ts zinc cliloritlo, hursling muni- 

tions cont:Lining wliitJe phnsphor7w or sulfrw t,rioxide- 

chlorosrrlIonit: acid mishrt:, and :tirpl,zne spray tanks 

using the Idlw mixture or tJitrtniurn tetrwlrloride. 

2%~ -ncetl for swwning large areas from attack from 

the air required greatly inc:rc?asecl prduction of the 

xrrwke pots. ‘I’lris need W:LS soon l:~gdy filled by t,he 

development of LIP contJinrrous oil smoke generator. 

Thcsc: were espccidly useful where srnok(: protection 

w:ts wquirecl for an appwciable pcrwntrtge of the 

tirnc:. TTowevw, t<here WI:I*C not enough genor:ttors 

av:zilsble nor ror11d t<heir URP be justifiwi in alc:~s r('- 

quiring wry infrwliwnt, screens or 11:tslil-y wtnldishc:tl 

screens. Smoke pots wre well suited for those lrtttw 

purposes 2s well i2S for some of the scrwns set up 

under fire: bot,h over I:uid ant1 over water. Somewlif~t, 

impretlic:1:11)1(! changes in t>lie cwww of the war were 

wflwtJed in Inrgc! vnri:tlionr; in t,lr(: demantl for the 

t,ypc! ant1 qrr:urt,itJy of srnokc pot,s. 

'I“..1 .l , * Need for Substitute Smoke 
Mix turc Specifications 

These pcriotls of’ large: demand occurred at, t<imes 

wlwri the supply of one or more of 1,lic ingredicntt; in 

t,lic! mixtuw w4.s shorty. Thus, at one tJirnc it was 

:tnt,ic:ipated that, suficient, dilorinc could not, be 

md: :~vnilnble for the org:tnic chlodw used in th(: 
mixt,wc:. Xinc am1 aluminum (wwly in 011~ war) wcr(! 

p0sllil)lC limitatJions on the supply. C%:~tnges in t,lic 

tactical use of tlrc: pots alSo revealrtl the need for 

revised specifications. When used for short1 periods 

of t,inw t,he 1IC pota did not p~oduci: wrious toxic: 
effect,s, l~it where i2rc.y were uscti for longor periods 

of time 01’ when the c:orrcent,~ul;iorr of srnokc was high, 

object,ionLtl)l(: toxic efbds (from t<lie zinc chloride 

smoke) wcrc noticed. 

The prwblcm of eliminating the fire and csplosion 

hnzard from the IIGtype mixture was evw present. 

This W:XA apparently solved in the laborutory, hut 

continwd to recur with pot,c; from the: production 

line. All these problems indicated t,lro need for im- 

proved smoke mixtures 1>11t wpecidly for subst,it,ute 

mislurcx or specifbations which could ho used to rnwt 

special prwluction or tJactical sit8u,ztions. 

32. I 2 USC of Smoke Pots to Keplacc 
Continuous Smoke CGcnerators 

The conlirmous oil smoke gwwrators tlcveloped 

during World War II must be supplied with Iwth fog 

oil wid fuel. If a. simph: c:xpendaM: smoke gcnorator 

could be built which would serve us the cord&w for 

it,s own smoke :tgc:nt, and fd, this might, well 1~: more 

adv:~tntsgeow tJlsn the continuous generators. The 

gcnc:r:btor wo~rltl then alwwys be av:r61:d3le with t,he 

smoke agent. This is ew:ntinlly tlrc tlescript,ion of a 

smoktx pot, esccpt, that the: smoke mixture has in the? 
past 1w(?n mow c:xpr?nsivc rtnd less sv:d:3d,le tlrsn fog 

oil :tntl g:r.dine. A plwtifd and inespwsive smolw 

mixture for use in expc?ndaldc pots wo111tl /w prefer- 

able in rrw.n,y situst~ions t,o the contJinrwlls oil smoke 

gcnenttors. Such pds c:ould he crnplnced in or :wouncl 

an :brea and fircrl select,ivdy or in rotation from n 

cPntr:d contd In ati emergency, they mrltl bc 
ignit,ed and rollocl off the tail l~oarcl of :r. truck. A 

sin[ylc vehicle c:ould thus supply marry point s01rrw:s 

ovw a, line of considertd~lc l(:ngt,li. 

32.1..3 Features Deeircd in a Smoke 
Mixture 

l’hc? features wpecidly tlesiruldc in a smoke rnix- 

tJurc nro: (1) :tll the ingredients slioultl 1~: nvaild~le in 

srrfficicnt quantitiw for largwscale prtduction of the 

mixture; (2) 8 maximum of screening power slio~dtl 

he ol~tainecl per unit3 weight, of mixture; (3) the smoke 

sl~oultl h(: nontoxic: and also nonirritnting t,o the eyes, 

t,liront, and skin, and nont:orrosive to mat&id; (4) 

the mixture c;houltl he suitnlde for large s(:dc mnnu- 

factwe, storage, Ltritl transportation without hnznrd 

or deteriordion. 

No one mixbe is likdy to exwl in all four of those 

fdures und some cornpromiw must, usually 11~: made. 

These featurw mill I-X: discussed at, greater length ns a 

criterion for evald,ing a smoke mixture. 
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AVAILABILITY OF INCREDIENTB 
Production of the mixture has heen considered in 

terms of approximately 50,000 to 100,000 tons a year. 
If it had been necttssary to protect large areas in 
cont,incntal Unitctl States from air attack, this figure 
would have been multiplied scveral fold. The availa- 
bility of an ingrcdicnt is a relative term and depends 
upon many otlicr often unprctlictablo factors, such as 
the demand for material necessary for its manu- 
facturc, the possible stoppage: of raw matjerial sources 
in wartime, and even the destruction of facilities for 
manufacture by enemy action or otherwise. Provi- 
sionfor substitute ingretlicnts andsubntitrtte mixt,ures 
is a foresighted policy. The common materials gener- 
atetl by the smoke mixtures, and forming the basis of 
the actual smoke particlca, and available in sufficient 
quantities t,o warrant consideration are: ( I ) metal 
chlorides of zinc, magnesium, aluminum, and iron, 
(2) phosphorus, (3) oleum, (~~1) sulfur trioxitle and 
chlorosulfonic! acid mixtrlres, (5) fog oil, (6) sulfur, 
and (7) possibly carbon. 

In the mixtures basctl on the metal chlorides the 
metals were incorporated into the mixturr: either in 
the m&llic form or as oxides, and the c:hlorine was 
supplictl by organic chlorides such as hexachlorc- 
thane or carbon- tc:trachlorid~!. Other oxidizing or rc- 
ducing agents, such as pernhlorates or calcium silicitle, 
wcrc used to supply heat, or reduce: the oxid(?n. Sub- 
stitute ingredients and mixtures for producing iron 
chloride smokc# will be discussed below. Phosphorus, 
as used in the: past, produced a large puff of smoke 
of short duration and was not, suit;able for use on 
friendly arcas. A means of goncrating phosphorus 
smoke uniformly over a relatively long period of time, 
and of confining combustion within or near the smoke 
pot, wouhl make this material more suitable for use 
in a smoke pot. The use of &urn or the sulfur tri- 
oxide-chlorosulfonic acid mixture both reyuirc a uni- 
form rule of vaporization or generation throughout 
the functioning time of the pot. The development of 
smoko pots for generating fog oil and wlfur smokes 
will bc described in this chapter. 

MAXIMUM SCREENING POWER 

The screening power per unit weight of mixture de- 
pends first on the weight of actual material available 
for forming the smoke particles, whether this is 
originally present in the mixture itself or is contrib- 
uted from t)he air. Second, it, depends on the effi- 
ciency with which this actual smoke material is used 
to form smoke particlca with the great& light, ecat- 

tering or obscuring ability. It is easily possible for a 
mixture to yield the largest amount, of actual nrnokc 
material :tnd yet, product: a smoke cloud with H lowel 
obscuring power, because the matcrial is wasted in 
particles of a size which do not, ohscure efiicientl y. 

Weight of 8wAx Agent per I/nit Wei@ of Smoke 
Mixture. The: metal chlorides, phosphorus, oleum, 
anti sulfur trioxide all have the atlvantagf+ of remov- 
ing wat,er vapor from the air to augment, the smoke 
material prcxcnt in the: mixtJurc. The mat&J, which 
ad~ually forms the smoke particlcx, is a mater solution 
of the salts or acid produced by the: mixture. This ntl- 
vsrltuge is pester in relatively humid almosphcres 
than it is in dry ones. Phosphorus has the added ad- 
vantage that it increases ttic amount of smoke ma- 
terial by removing oxygen as well as water vapor 
from the air and yields an exceptionally high ratio of 
smoke: material per unit, weight, of phosphorus. A 
comparison of the: three metal chlorides and phos- 
phorus in given in Table I .I 

It is evident from the tat&: that for the agents com- 
pared, white phosphorus yields the greatest weight of 
aqueous solution in equilibrium with air at 75% rela- 
tive humidity per unit weight, of t,he agent. The smoke 
particles are c:ornpos~tl of this aqueous solution. 
Aluminum chloride, ferric chloritlc, and zinc chloride 
yield decreasing amounts of solution in that, order. 
This ratio of aqueous smoke-forming solution Lo 
smokr: agent, varies from 7.1 I tjo 2.5 for these four 
agents. The same ratio for fog oil or sulfur is unity 
(1.0) since thossc agents are not, hygroscopic: and only 



THE CIIANCINC: REQUIREMENTS FOR SMOYE POTS 487 

AIR TEMPERATURE AIR TEMPERATURE 

WATER CONTENT 

the qp~t~ ihclf is available to form the smoke pur- 
titles. ‘l’he table does not, take into account ingre- 
dients in 111~: srnokc mixtJurc which remain hehind as 
rcsiduP or ollir~rwisc: contribute little t,o the obscuring 
power. This comparison will vary with the relative 
humiditSy of the air but c:hangc:s very littIle with sir 
temperature al any 0nP valuc~ of the relative huinid- 
il,y. This is sllown by Figure I , These dat,a have been 
taker1 from tllc litcratuic c:xt:c:pt8 in the case of ferric 
chloride where Llic ncc:r:sswy measurements were 
made.1 The re-examination of t,hc:sc: dat,a with add- 
tional experimental determinat,ions is recommentlf?d. 

EJect of 8~/noke Pnrkicle Sixc. Consitlorable infol*- 
mation was developed during World War IT on t>hc: 
r#cct of smoke particle size on obscuring power.2T a 
Tlic: rclativt: light,-scat,t~f?ring effectiveness per unit 
wnight of Kmoke agent, as it varies with the smoke 
p:lrt,icl(, radius is shown in Figure 2. The hygroscopic 
qcnts forming aqueous solutions are represented ap- 
proximately 1)~ the curve: for w,zter. This curve indi- 
cates a somewhat lower lighbs&tering power than 
for oil or sulfur with an opt,imum particle size of 
al,outJ 0.4 micron radius. Tlic curve is quite flat, how- 
ever, and the reduction in liglit~-st:aLttcring power from 
tlicl maximum is not, great, in the range from 0.25 lo 
0.6 or 0.7 micron radius. The screening power of a 
unitJ weight of water solution is roughly I<Oo/0 of that 
of a unit, weight of oil when 1,&h arc compared IWM 

t,lleir optimum part,icle size. The optimum sizr: (which 
was dis(hllssed in Chapt,es 22 of this volume) for oil 
partic*lrs is *bout 0.3 micron radius although the 
scattc%ring power does not) drop ljelow 75Oj;, of t,hc 
maximum in the range 0.2 to 0.45 micron radius. 
Sulfur shows an opt,imum at, 0.13 micron that, is 2Fi”10 

C’rcunr: 2. hnl(cring of lighl, by stnokrs of SII~~III’, hi- 
rrevyl phosphnt>e (oils), and water. Wnt,b of light, Brat- 
Med by ON microgram of particles from :L IMXI~I of one 
ws,t 1, per cm2 of U’:I vclcngl Ii. A = 0.55 microns (Rreen). 
(Bused on cn.lclAtions furnished hy Dr. A. Lnwnn.) 

grcatrr than oil, 1~11, this occurs in suc:li a narrom 
particle size range and at suc:ll a small size that, it is 
clillictllt to realize this advunlage. The reduction in 
screening power due to variation from this optimum 
p:trt,iclc size is rolativcly groat, in the case of sulfur, a 
decrease of 0.03 micron in radiuti from the optimum 
resulting in about a GOOi; tlccreusc in screening power. 
In general, all the agents show a more rapid decrease 
in screening power as the smoke particle size is rc- 
duced l>elow the optimum than when it is made larger. 
This may not be so important from the practical 
point, of view since it is doubtlessly ensior to .waste 
smokr: ugcnt in particles that are t,oo large than in 
011~s that, are too small. 

V&xtility md Dilution. A screening smoke in the 
atmosphere: eventually loses its obscuring power. The 
common mechanisms by which this occurs are by the 
evaporation of t,hc particles or by dilution until the 
particle den&y is t,oo low to obscure. The steam from 
a locomotivr: tlisnppoars h.y evaporation whereas a 
cloud of very small dust particles is eventually di- 
luted since the particles are nonvolatile. The maxi- 
mum area that can he obscured per unit weight of 
agent increases as the volatility of the agent, dccreasea 
if the cloud disappears 1)~ cvaporution. When the 
volatilit,y of the agent is low enough that, the Frnoke 
cloud loses its obscuring power by dilution, further 
decrease in the volatility will not increase tlic area 
obscured. There is not a clean cut distinction between 
the high and low volatility agents. Thus, l)otl-1 fog 
oil and sulfur smokes may disappear by evaporation, 



but, it, is unlikely that t,he area obscured per unit 
weight, of crab would be increased by more than 
several pt:r t:cnl if they did not evuporat,e at all. A 
comparison of the weiglil of sulfur vapor and 1301 55 
vapor required to saturate a cribit: mile of air is of 
int,t:rt:sl in ihis connection. 

The vapor pressure curve for sulfur (solid) ext,ra- 
polat,t:s to about 8 X 10P mm at, 20 C. The cnlcu- 
latctl amount of sulfur vapor (&) required to saturate 
1 cubic mile of air is as follows: 

TIcgrees (J 
3:; 

20 30 
Pounds pr.r cubic rnilc 1,000 3, IO0 

A single figwc :d each temperature for Dial 55 can- 
not, be given to compare wit,h the.se since the JXol 
is not a pure compoun;l. The amount, of Did 55 re- 
quired to snt,ura.t,t: I iauhit: milt: varies tlt:pt:ntlirig on 
tllc initial amount, of 4301 int,rotlut:t:tl int>o tht: :l,ir.?bh 
When this is from 70 t>o 7,000 It) pt’r t:uhic: milt:, the 
weight< requirctl to satur:th: 111~ air wtdt~ mngc: from 
28 to 147 11, :d 10 C, 50 to 390 lb at 20 C, and 70 In 
I,O1iO lb at, 30 C. Although these figures may not bc 
very accu ral,t:, 1 hry indicate that, from Llir st,:.tntl- 
point, of vapor prcssiir~~, srilfur and IX01 55 art! in t,lit: 
sa,mt: class with a slight edge in favor of t)he Dial. 

Tht~se ligures may be compared mit>h t,he estimatIed 
quantities of t,hese agent>* rcquirod t80 screen a square 
mile of area. Under fit:vcr(: cnntlitiorix 1,400 11, 1301 55 
per square mile will give ot)sc:iir::~t~iori. ‘I%(? figure for 
sulfur is at, Itlust 3s largt: (possibly a liltle lur.gt:r) ant1 
tht: rtquired weight of TTC mixture is of the same 
ortltlr. 

Tilt: parlicles of aqueous solution formed by 11~ 
ll.ygronropic agent,s are in equilibrium with the 911 
surrounding t,hem and will not t?va,por:l,tJe even when 
the cloud is diluted. Such clouds lose their obscuring 
power by tlilut,ion. 

Of all t,llt: srnokcs rnrtnliont~d undrr L’Av:~l.ilat~ility 
of lngrt:dicnLs,” CI.C chZoGle is probably 1,hc most 
t,oxit: t,o pcrxonncl. Wht:n the dosage of this smoke is 
kt:pt, lo\+,, citlicr by infrcqiicnt, and shorl Lime ex- 
poxurc, or by &ping the clouds vor’y dilutt:, no ill 
cffccls have been noled. However, when the st:rt:t:ns 
are used for considerable periods of time or in high 
concentrations, personnel are adversely affectad. 
None of the other smoke agents listed are toxic when 
in a smoke cloud. The hygroscopic agents are ir- 
rit,ating while they are absorbing moisture from the 
air, but at, a short tlist,ance from t,he smoke pot are 

quit,e innot:uous. Fo g oil is completely nonirr’it,:lt,ing. 
Some of t,hc fuels used to vaporize it contain black 
powder or sawdllst, and these produc(: fumes which 
are irritat>ing t,o somt: extent. Srdfur srnokc is slightly 
irrit,ating t,o tlit: eyes, but no health hazards liavt: ht:fm 
obscrvcd among the workmen at, t,he sulfur wells who 
arc exposed continuously to sulfur fumes. Pliosplioros 
in the elemental state is poisonous and it, as well as 
tkmn ftnd sulfur trioxidf? mixt>ure, will product, 
serious burns if sc:att,crt:tl ahout, on personnel. The 
latter two arc corrosivt: t>o matArie1. 

Tht! H(: rnixturc! bas~~l on zinro t:hloritlt! is, at, best, 
on tlit: bortlt:r line between being safe and Ii:lzardo;l;: 
for handling. Rather serious consequences t’ttn ons:~ 
from a lack of close adherence to specificalions. This 
may and has reslrlted in explosion or Iirc:, t:it,lier in 
msnmfactjure, t~rnnsport,:l.tion, or st,ornge. Nevcrthc- 
l~s, large quantities of t,his mixture have been pro- 
duced and handled satisfact,orily. Other mixluros 
based on the metal chlorides are not hazardous Ijut 
may possibly det,eriorat,e on storage unless l~ntllotl 
properly. The pot,s hast:d on fog oil as a smoke agt:nt 
<are prohahly tht: It~~sl l~:tz:trtlous once t,he oil is in- 
corporatt:tl in tlit: rnixLurt:. ‘1‘11~ other components, 
esst!nMly black powder or li:trzrtlrls(,-c:hlorate mixture, 
art: linz:wtlt~is cvlicn dry. Tlit: l:tlLt:r is prol)nMy ruled 
outI as far as practical use is concerned lwt:~tiist~ of it<s 
extreme sensitivitJy. The sulfur nitrate mist,rlr~s have 
always been suspect,ed of being hazardous cspccially 
in manufacture, but) no evidence of this was found 
during extensive experimental work with 0lt:rn. 
Phosphorus, olcum, and tht: sulfur trioxide mistmrcs 
are not, wlst:t:ptiMt: t,o spont,:~nc:ous explosion, but 
leaky containers in storage or slliprnt?nt, or in t,actical 
us{: rnusl lx: avoided. 

New screening smoke mixt,ures devclopetl to rnt?t:t 
some of these requirement,s bett,er are described in 
the following t,ext,. 

32.1 A New Chlorine Carriers I;>r Metal 
Chloride Screening Smoke Mixtures 

Aerosols of the hygroscopic metallic chlorides have 
been ext,ensively used as screening smokes for a 
number of years. The hygrowopic nature of these 
aerosol particles permits tht:m to pick up moist>ure 
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from the air immediately after discharge from the 
smoke pot, thus increasing the amount of material 
available for forming smoke. 

One of t)he earliest of the metal chloride smokes was 
produced from tlic J3erger mixt,ure which consisted of 
Zn, CXl4, ZnO, and kieselguhr, t,he last two con&- 
uentx serving to absorb the CCI, and slow down the 
rate of reaction during smoke evolution. The smoke 
evolvotl was light, gray in color and consisted largely 
of ZnCl, wit,h some colloidal c&on. This pot had 
numerous limitations, chief among them being that 
the CC14 was a volatile liquid, tlhus making t,he pot 
subject to deterioration on storage and difficult to 
manufacture. Rendrick ti at, Edgewood Arsenal sug- 
gested solid hexacl~lo~oct,ll~~r~e (C&Cl,) as a chlorine 
carrier to eliminate the inhcrcnt clifficultics of liquid 
Ccl,. This compound has been used extensively since 
that time and is now the most widely uscvl chlorine 
carrier for screening smokes. 

Lawrence: 7 reportIs the early work in the dcvclop- 
ment of the hoxachlorethanc misture, while Conk- 
ling R reviews the basic requiremnnts of such a pot 
ard summarizes the: later developrncnts. IIe sug- 
gest,ed a mixture of 

360/, zr1 
441% C2C1, 
10% NH&104 
10% NH&l. 

This was adopted and usecl with some modification 
until 1940. Limited supplies of NII,CIOI lnd to at- 
tempts to substitute KNC)s as the oxidizing agent. 
Thcsc mixtures ignited spontaneously during storage. 
Hmit,h and IIormats o attributed the tlifhculty largely 
to heating due to wat,er picked up during manufacture 
and to the low ignition temperature of 1110 mixture 
containing RNOa. They found t,hat IZClO, could be 
satisfactorily substitut,ctl for NHdClOa and the mix- 
ture had a higher i&ion temperature? than the 
nitrate: mixhure (249 to 269 C as compared with I IO 
to 140 C). 

A mixture containing Ca&ZnO-C&l6 has been 
widely used. The sensitivity of CaSiz to water and the 
difhculty of obtaining it, led Finkelslcin arid necker lo 
and B:lrnartl I1 to suggest a mixture of 

5.500/, Al 
47.2,5% BrlO 
47.25oj, C2Clfi. 

This mixture is stable to water and has an ignition 
temperature of 775 t,o 800 C.‘” The smoke produced 
is excellent. 

Hexachlorcthanc is made from acetylene card 
chlorine by a rather involved process. The supply is 
t,herefore limited by the amounts of chlorine and 
acetylene available as well as by the processing equip- 
mont, on hand. A more readily available chlorine 
carrier is needed. To find sucl1 :I compound a syst,em- 
atic sr~rvcy of the periodic t&h: has been matlc. The 
resrdts arc discussed in the following text. 

A large number of mixtures that produce a m&al 
chloride screening smoke was inv&igstecl. The 
priGpa object was to find a mixture, comparable 
witll the present IIC mixture, that, could be manu- 
IrtCt,i:Yd in large quuntitic?s in case the production of 
the KC mixture became limited by the supply of 
chlorine or acetylene, or by the processing equipment 
availaL!>lc for its manufacture. The mixtures tried 
were thoeo based on: 

1, The simple inorganic chlorides lceCla, ZnC&, 
nrld PbC& reacting with Al. 

2. The ferric chloride complexes, including those in 
which VeCla is associet,cd with ICCl, NH&l, NaCl, 
and CaCl~, as well as the ammines in which it is 
assnciatctl with NIT,. 

3. Mixtures of high eficienay containing FcC13, 
and also hcxachloroethane in which all but about Sol0 
of the rnixt,ure makes smoke. 

4. A few mixtures in which Chlorpropane Wax 
(approximalcly octachloropropane) is substituted for 
hexachloroethuno. 

The following composition gives an exccllcnt smoke 
comparable to the IIC mixtyrt:. 

A. R8O& anhydrous F&l3 
12%, Al 

This mixture is highly sensitive to moist,ure before it 
is pressed and is hazardous in manufacture unless 
special precautions are taken to handle it in a dry 
at,mosphere. After pressing it, is damaged by exposure 
to moist air or water but &glc units were not made 
dungcrous by such exposure. 

It is questionable whether a large production of 
anhydrous ferric: chloride can be secured in a short 
time without using clcmcntal chlorine to supply all 
three chlorine atoms. Scvcral such processes have 
been suggested, but inquiries into each rcvcsl tech- 
nical difficulties that, have not been satisfactorily 
overcome. Therefore, each is in the clevclopmontal 
stage with little certainty as to the time required to 
rcuch a satisfactory design. The chief clificulty is 
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that, it, is not practical to tlchydrate ferric chloride 
from a solution made by the action of 1~ ydrochloric 
acid (and some chlorine) on iron or iron oxitlc. A 
hcxahydratc is formctl which breaks down when 
heated mtl gives off HCl rat,her than water. 

This tliff~culty led t,o the investigation of ferric: 
c:hloride complexes. If one: mole of KC1 is mixed wit,h 
one molt of FeC13eGH2C) and heated, a complex is 
formed and t,he wat>c:r can be drivc?n off below 205 C 
without decomposition, giving :I compound K&(:14. 
This complex in the mixture 

B. Ko’g, Al 
30.0'~ %I10 

2.2(% NaNOa 
59.8’y0 ICFcC:L, 

gives a smoke of ZnC&, KFeC 1 : 4, mtl FcCla which is 
slightly inferior t>o and has a short,c:r burning t,ime 
than the IJC mixtur’cs. It, should 1~: relatively easy to 
produce jn cluantity. Tt> is lens hygroscopic than t,hc: 
J~‘eC& and in much easier to handle in the mixing and 
pressing operations. The ignition tempe&ure of the: 
mixture is’of the order of 335 t,o 350 C. 

The efficiency of this mixtrlre can be incrcasccl and 
the burning time lengt,hcned by adding small percent- 
agc:s of hcxachloroethanc. A mixture of the following 
composition 

cr. 734 Al 
27.2%) ZnO 

4.5”/0 NaNOs 
52.0y0 T<zI‘eC:l~ 

9.0’$& C,Cl6, 

burnctl noticeably longer ant1 gave a smoke slightly 
superior t,o the mixture with straight complex. This 
mixture: is preferable to that, with the complex alone: 
if limited xmount,s of hcxachloroc:Ihune are obtnin- 
able. 

The USC of the complex T<Er:C$ in smoko mixtures 
has the advantages t,haLt (1) it is easy tjo manufacture 
from available raw materials; (2) it, in ousy and safe 
to incorporate into a mixtilre, press, and store; and 
(3) it, gives a good screening smoke, although not, 
quite as good as thr: IIC mixtures. It has the: disad- 
vantalgc: of leaving a relatively high perccntagc: 01 
bulky residue in the pot. 

It is recommendctl that the above t)wo mixt,uros, 
R and C7, 1~: consitlcrcd for t8he larger size smoke pots 
and flouts in cast: Ilie supply of organic clilorinti 
carriers is not adequate. The choice between mixtures 
K and C will bc dependent, upon t)he supply of 
hexac:hlor~oethane available. 

The high-efFicicnay mixture contains 

About 95(% of the mixture is convc:rt,cd to smoke- 
forming prod11cts. It produces an cxccllent smoke 
with little residue, but, contains both FeCl3 and 
C&Cl,. It, is sensitive to moisture in the same way as 
the JpeCla-Al mixture. 

Chlorpropsne Wax, which was testted briefly, gives 
indication of having nartain advantages over Ilcxa- 
chloroc:l,li:tne as n11 organic chlorine carrier. It, is man- 
ufact>urcd by a relatively simple two-step process of 
chlorinating propane. lt,s vapor pressure is lower than 
C&C&. On the other hand, its chlorine efhcicncy from 
elemcnlul clilorino to smoke is not, so good. 

A mixt,ure similar to the HC mixture, in which 
liex3chloroet,l-ianc: was replaoctl by oatttchloropropanc, 
gave a smoke: comparable t>o the: present IIC misturt:. 
This mixturf: had the following composition : 

E. 6.25(x, Al 
‘a. 15’s ZIlO 

47.RO’xj C:,&lS. 

If it, is found t,hat oct~~-lc:lllor,npropane can be Ill:~ulu- 

facturctl more readily than hexachloroet>h:ln(:, it is 
recommended that, mixt,urc E be t,ested to rnpltrct: or 
supplomcnt the present IIC mixture using hcxarhloro- 
othane. 

The physical proper& of the more available 
simple chlorides were t,sbulatcd.13 The chloritlcs of 
the metallic: nlcmcnt,s such as Ni, Ch, Cr, Jig, which 
are scarer during wartimc, have not been considered. 

T1-~csolidcl~loridesir~c:lude TiCIS, PC&, RiC&, SbC.&, 
SoCl,, TeCl+ Zn($, Fe&, lG:Cl~, CtiC$, PbC&, the 
ahlorides of the alkaline earths (EC, C:u, Mg, Sr, Ra), 
and the chloritlcs of the alkali mct>uls (Na, K, NHJ). 
With the cxaeption of CdC$, l’h(Y2, NaCl, and KU, 
all these solids are dcliqllcscent and givn off con- 
sidcrable heat during hydration. 

A comparison of the heats of reaction and free 
energies for reaction of Glcsc solid chlorides with Al 
is given in the original report1.13 Aluminlm~ was 
chosen as the reducing metal since it, stands high in 
the electromotive srlries, its chloride volatilizes at, a 
comparatively low temperature, and secondary gradm 
of powdered mctul can be obt,ainotl in considerable 
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cluantitay.‘L The reduction of t#he alkali and slkalinc: 
earth chlorides is strongly cndothcrrnic (AJ[ and AP 
arc positive) ; thcrcforr:, t,he use of these simple 
chlorides is not, practical. The: rotlnction of both 
ZnC$ and l’bC12 is slightly exotlicrrnia. The rt:tluc:- 
tion of fcrrir: chloride is more markedly cxotlir:rrnic:. 
Since l!cCla, ZnClz, and PbC12 are somewhat easier to 
obt,ain than lhe other chlorides, these WPI’C used in 
preliminary trials. 

SMIUKE MIXTTJRES FROM THE SIMPLE CIILORIDES 

Th Ferric Ch,loridc aad Alwrrriwuw~, Miztwe. Theo- 
rt:t>ic:ally, t,he reaction of Al wit,h anhydrous l’e& 
pi-occcds according to the rquut,ion: 

Al + I’cCln - AlCla + Fc + 3B.B k(:al. (1) 
The: stoichiomnt,ric: mixlure for this rouc:t,ion contains 
14.7(x, Al and X3.3’~, FrCln. The srnokc produced 
from such a mixtlirc is excellent, hcing entirely com- 
parable to that, from the best of the: HC mixt>ures. 
This mixture: has several limit,ations, howrvt:r, be- 
callse of the: oxtremely hygroscopic nature: of the 
anhydrous EcC&. These limit,ations will bc trc:at,otl in 
rnore det>ail later. 

The srnokc from the mixture is red when iL first, 
leaves t,lic pot, and gradually changes to buff, then to 
white. This suggcnt,c:tl that FCC& was b&g vaporized 
tlirc:c:Lly and the srnokr~ was a rnixturo of iron and 
a,lurninum chlorides. Variation of I,~u: pc:rc:entage of 
aluminum in the: mixlure and analysis of tlic: resulting 
residues for :~lurninurn and iron confirmed this obser- 
vation. The most cficient mixtllre contains lacy0 Al 
ant1 88(y& l’eC13. The pcrc:cnl,agc of aluminum can be 
varied over a wide range with litt#le diff(:rc:nc:n in 
performanc:c:. 

h&ddiky oj Min:t~re. The hydration of Tl‘eC& is 
accompanied by the evolution of considerable heat 
and HCl. The loose srnoko mixture reac:t,s vigorously 
with water to give HCl and eufic:ic:nt, llcxat, to ignite 
the mixture. lintlcr the low and mod(:r:tto indoor hu- 
midities of winlcr and spring, it was found possible 
to mix and prr!sx siicccssfully small bat,c:licx of up to 
5 lb. It was n(:~:cssary to sot, the rnixturt:s usidc in air- 
tight containc:rs for as mrlch as 24 11r after mixing and 
before pressing. This allowed the heat of hydration 
of the moisture picked up from the air during mixing 
to bc dissipated before pressing. In two cases where 
prt:ssing was carried out, shortly after mixing, spon- 
tancorls ignition took place soon after pressing. In the 
high humidity of summer (70?& humidity or higher) 
it, was almost, impossible to carry out the mixing and 
pr.c:ssing operaCons in the laboratory. On one oc- 

c&on about 20 lb of mixture were made II~ and set 
asitlc in s3crew-top glass bottles. One of tlios;c blew off 
the top and scattered hot mixture over the rest. 
Tlic!y all ignited subsequently over a pcriotl of a few 
minutes and st:at,tort:tl glass and mixture over the 
laboratory. Anot,hcr lo-lb mixture of t,he aluminum 
and FeC$ type was successfully mixed and storotl but, 
began to heat during pressing. The pressing opc:rst,ion 
was discontinued and some rninutes later the mixt,ure 
ignited. Apparently spontant:o~~ ignition took place 
within the cake and blew it apart. Mixtures of FtC13 
and aluminum are Ihcrrforc q&c: sensitive to mois- 
ture and have to bc l~antllctl in a dry atmosphcrc:. Tf 
kept dry and t,hen prcsscd, the: cakes give every 
in&&ion of being safe to store and handle. 

Aft,c:r pressing, the mixt,ure picked up moisture on 
top and could not, be ignited until thin hydrated layer 
was rcmovetl ; however, no case of spontaneous igni- 
tdon was over observed after a mixturt: had been 
succ~ssfull~y prcsscd without overheating. Water can 
be pourc:tl directly on the pressed srrrfucc: without 
vigorous reaction. Penetration of water int,o the 
pressed mass is sufficiently slow t,o allow dissipat,ion 
of the heat of hydration of the FeCla. 

Jr&ion Temperature of the Mixtwe. WN:SR values 
w(:r~ obtained by slowly lleat,ing the loose mixture in 
:I. cru(:ible and measuring t,hc: ignition ternpc:rat,urc 
wit,h a thermocouple in thr: mixture. Yomc smoking is 
first 0bst:rvc:tl at 105 to 110 C. lgnit,ion does not occur 
if the h& is removed at thin point,. Definite ignition 
0CCiirR at, 150 to IGO C. 

Kurnin,g ‘l’i~mse. The burning t>ime for a 600-g pot is 
generally around 3 min. The 5-11) pot,s (can size: - 
5$$-in. diarnctcr, 4 in. high) rangctl in burning tirnc? 
from 3 min 45 see to 5 r$n 15 sec. The? amount of 
hydration during mixing may have some influence on 
the rate of burning. 

Manxjacture of Anhyrhus Fewic Chlwide. The 
successful commercial processrs for the m:tnrdtic:t,ure 
of anl~ydrous ferric chloride on a limitSed scale USC: 
clcrnc:nt,aI chlorine to supply the three chlorine atoms 
nc&tl. This is done because it is not, practic*al t,o 
d&ydratjc t,hc? ferric chloride formod in solut,ion by 
the action of 1~ytlroc:hloric acid (and some chlorine) 
on iron or iron oxitlc. The ferric chloritln forms a 
hexahydrate and, on hcsting, this gives up IICl 
rather than water. El~rnc~ntal chlorine could be used 
for c?itherincreasing tllc: protluc:t,ion of hexaohloretjhane 
or ferric chloride. A Iargo increase in dcrnand for 
chlorine carriers would cell for other sources of supply 
that, do not depend on cl~:rnc:nt~al chlorine. Work has 
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been done on several processes designed to avoid 
using elemental chlorine to supply two or all thrrc of 
the chlorine atoms in anhydrous ferric chloride. 
Furtjhcr tlcvclopmt:ntal work is needed on all these 
proc:c~srs. Some of them are outlined below and the 
cnginocring problems involvctl arc pointed out. 

1. Scrap iron or iron oxide can be treated with 
hydrochloric acid to product ferrous chloride. The? 
ferrous chloride is crystallized from solution, tl(:- 
hydrated probably under reduced prcssurc, and con- 
vcrtcd to the anhydrous ferric cliloritlc. The latter 
step would probably bc done with chlorine. 

2. The reaction of sodium or calcium chloride, iron 
sulfide, and air has been suggested. Evidence exists l4 
t,o indicate that, the separation of anhydrous ferric 
chloride from the resulting mixture with sodium or 
ca,lcium sulfate is difficult. It must be vaporized from 
the mixt,ure, and it,s vapor pressure is very much less 
from the mixture than when pure. Possibly reduced 
pressure or an inert, carrier gas and a high temperature 
would effect, a separation. 

3. Thr: reaction of iron sulfuto and calnium chloride 
is in the same class as paragraph 2. 

4. Dehydration of the FeCL . 61T20 in a stream of 
hot dry IICl would require specially designed equip- 
ment. 

5. The reaction between iron oxide (roasted py- 
rites) and dry HCl proceeds wit,h t,hc formut,ion of 
three moles of water per mole of lW1~. Hy proper con- 
trol of the temperature of the condensing surfaces it 
may be possible to condense anhydrous ferric chloride 
from the hot gas stream. 

Anhydrous ferric chloride has several disadvan- 
tages as a chlorine carrier, chief among which are its 
oxtrome hygroscopicity and the limitations in its 
manufacture which were discussed previously. Com- 
plex salts of ferric chloride have been invcstigat,cd 
to avoid these difficulties. 

Ammonium Ferric Chloride Cwmplezcs. Scvcral 
complexes of NH4C1-IWY-H20 arc reported in the: 
literature Ih, I6 including salts of the composition 
NHJW14 and (NHJ2FcC16 .II&. The former sub- 
stance is obtained by fusion of equimolecular amounts 
of NH&l and FcCl.? + BH&. The water is removed by 
evaporation. A boiling point of 38s C has hc:c:n re- 
ported. The (NH&FeC$, +II& is obtained by crystal- 
lization from a solution of the mixed chloritlcs. Re- 
cause of it,s high pcrccntage of NIX&l and its water of 
crystallization, this compound is of little interest, here. 

Thcorntically Lhc rcdrrction of NH$eClJ with Al 
proccctls according to the cquat,ion 

Al + NH4EoC14 d AlC& f + NH&l f + Fe. (2) 
The stoichiom&ric: mixturt? for this equation bru*ncd 
very slowly, giving a poor smoke over a long period 
of time. 

Various heating mixtures w(:rc t>ried with the above 
stoichiomctric smoke mixture for the complex 
NH4FcC14. No completely satisfac:t,ory heating mix- 
t,urc wax found which could bc used in connection 
with t,hc above reaction. Complcxos of KC1 showed 
much less cooling action than complcxns of NH&l. 
For this reason KC1 complexes were more dcsirahle. 

Potnssium Ferric Chloride Complexes. The only salt 
of FeCla and KU found in the literatrlre had the 
composition KzFeClh+H2(1.17 

1. K2FeClL * H&, a11 orange-yellow complex, was 
prepared by cvaporat,ing wat,cr from a fused mixlurc! 
of l!‘eC13~OHz0 and 2KCI. The: extra molecule of 
water was driven off to give a complex of the com- 
position I&FcC&,. Mixtrrrcs made from t,his compound 
gave a very poor smoke with a high rositlue. 

2. I<FeClh, This complex was not found in the 
literature, but since ionic radii of NIIt and I<+ arc 
reasonably close t,o the same value, and salts of the 
two ions are isomorphous in many cases, the exist- 
cncc of this salt was suspected. The salt was pre- 
pared by evaporation of a mixture of I’eC13~(M120 
and KU. Two lots were preparctl and analyzed. In 
making lot No. 1 tho heat was removed as soon as 
the liquid water was gone. The mussivo product was 
a deep brownish-red but became bright yellow when 
ground. The color changed to reddish-orange when 
moisture was pickctl up. T& No. 2 was fused after 
t,he liquid wst,er was gone and the odor of chlorine 
could ho dctccted corn& from the mass. This mas- 
sive product was a deeper brownish-rt:tl and remained 
red-brown after grinding. The analysts of the! two 
products showed the following compositions. 

Obtmved Thwmticnl Okrscrved Theorelicul 
“;/o Cl “lo Cl 70 Fe y. Fa 

Td 1 59.53 69.94 24.41 23.66 
Lot 2 57.75 5!).94 2.5.62 23.66 

Excessive heating appears to have driven off 
chlorine to form some of the ferrous complex. 

3. Mixtures from KFeCld. Mixtures of this com- 
plex combined with aluminum and zinc oxide to 
supply heat, were made. A good smoke was produced 
which had a characteristic orange color as it left the 
pot. This color persisted longer than that with the 
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FeCla mixture, gradually fading to white. The 
principal ot+ctions to this mixturt: wcrc its com- 
parat,ivnly short burning limo and its rclativcly high 
perccntagc of residue (50’%,), The reaction 

2Al + 3ZnC) + 21CEeC14 d 
Al& + 2ZnC12 + BICCI + Fe 

indicates a theoretical efficiency of 52.5(y0 if no TW is 
volatilized, and 71 .570 if all of the J<\‘c’l is volatilized. 
ilnalysis of the residues for potassium revealed that, 
from 46 to 92’5 of the J<Cl was volatilized, de- 
pendent upon the amount of T<N& in the mixture:. 

The amount, of rcsiduc: was rcduc:cd by adding 
suRicient, C&l6 to react will the Fe formed by the 
reaction. A mixture of 

4.5oi; IINOs or NaNO.? 

gave a very good smoke, with about, 3O’lr, residue. 
The smoke produced was tan, gradually fading to 
white. Jn volume and scrconing power it was not, 
quite equal to the Al-ZnO-C&l6 mixt,urc:. 

The llex:l.chloroott-lana scrvcs to improve the smoke 
but the quality is not mark&y affeclcd by con- 
sidcrablc variation in the percentage. A mixture of 
the: following composition is recommended if &Cl, is 
availsblc. 

52.0%, JZFeClr 
27.2% ZnO 
9.0(& CaCLq 
7.3oi;, Al 
4.57;, NaNOs. 

If C2C1, is not available, a mixture containing 

S.O’%, Al 
30.0% ho 

2.2%) NaNOa 
59.8(70 KFeC14 

gives a good smoke for a shorter period of time. 
The mixture is not, nearly so sensitive to w&r as 

the FeCIB mixtures. However, if the looso mass is 
triturated with water, the TWeCl+ will hydmt,e giving 
off HCI, evolving heat, and swelling markedly. The 
evolution of heat, was novor suffiaicnt to ignite the 
mixture. The KEcC14 is dcfinit,cly hygroscopic but 
less so than B’eC&. The complctcd mixtures were very 
convenient to press and hsndlo. The ignition tem- 
perature for this rnixtruc was determined by the 

same technique as that, used for the Al-FoC$ candle. 
Values of 335 t,o 350 C were obtained. IiFeCle ap- 
pearsverypromising tosrlpplement hexnchloroethane. 
The complex sl~oulcl be easily manufactured from 
KC1 and hydrutcd FeCL. 

4. Manufacture of anhydrous JpeCls. JCCl complex. 
It is cvidcnt that the manufacture of ferric chloride 
hcxahydrate is much easier than that, of the: anhy- 
drous material, especially if both produc:t,s arc mad(: 
without the use of elemental chlorine. It, should bc 
possible to produce readily large: quantit,ics of the 
hexahydrate using hydrochloric: acid and iron or iron 
oxide with no more than om atom of chlorine being 
supplied from &mental chlorine. The hexahydrate 
can be melted and mixed with an equal number of 
moles of KU. Tht? complex KFeCL then forms and 
allows the dchydrxtion to take place readily by heat- 
ing to 205 C. 

IIIGH-EFFICIENCY SMOKE MIXITJRW 

In the reduction of ferric chloride by aluminum in 
the Al-FeCla mixture, elemental iron is left as t,hc 
principal constituent of the rcsiduc:. Addition of 
enough C&l6 to romovc the? iron as FeC& increases 
the theoretical eficicncy of the: mixture considerably, 
leaving the carbon of the I-lcxuthlorocthane as the only 
element not used in smoko production. The reaction 
should proccctl as follows: 

2Al + 21’eC13 d 2A1Cln + 2Fe 
2Fe + C2ClI; --+ 2FcC13 + 2C 

or in the following manner: 

2Al + CzClti + 2AlC13 f + 2C + heat 
FeC& (solid) + heat + FeCL f (vapor). 

The end result is the same in bot,h casts. Probably 
both reactions arc involved. 

The: stoichiomctric mixture for these reactions 
given a theoretical efficiency of 9(i(T0. The mixture 
has the following composition: 

Mu/, Al 
~2.ci(7~ FeC& 
38.li(S C&l& 

The above mixture gave actual rcsiduca of from 3 to 
5%) of the original mixture, but, the burning rat,{: was 
too slow and the rcsult,ing rutc of smoke evolution 
was correspondingly slow. Small amounts of NaNOa 
were added to incrcast: the burning rate. This per- 
centage is rather crit,ical, very small differences 
having a marked off& upon the burning time. 

A smoke cloud superior to that produced by the 
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HC mixture of Al-ZnO-CX16 was produced by a 
mixture of the following composition : 

8&r, Al 
51.(i(70 Fe& 
38.3’% C&I~ 

I .:Y% NaNCh. 

This mixture burned noticeably faster than the: 
standard Al- ZnC)-ClzClti mixture in M 1 pots. 

Large pcrc:enLuges of both FeCla and CzCls arc 
used in this type of mixture, but, an oxtremcly tlonsc 
smoke cloud is produced. A mixture: of this type may 
have application where a high-efficiency mixture is 
desired. &cause of the F(Cls cont,cnt it is sensitive 
to water before pressing, evolving IICI and heat,. 
After pressing, the candle is damaged by water but, 
the reaction is not vigorous. The mixture should bc 
protected by a wat,crtight container. 

C:HLOKmOPhNE WAX 
Chlorpropune Wax producctl on a pilot plant scale 

was investigated as a possible chlorine carrier. 
The product correspondotl approximately to the 
formula C3C18. This mat,erial was substituted for 
hexachlorocthane in the nt,andard IIC mixture of 
Al ZnO-C&la. 

The reactions are probably very smiliar to those 
for the: standard HC candle. 

2Al + 3Zn0 - Al& + 3Zn 
4Zn + C&l8 + 4ZnC& + + 3C 

C + ZnO + Zn + CO. 

The reaction 

8hl + 3C:,C18 - 8AlCla f + 9C 

undoubtedly occurs to some oxtcnt in conjunction 
with the above. The burning Lime was regulat,c:tl by 
adjusting the per cent, of Al. 

A mixturt, with a smoke volume and burning time: 
comparable to the standard IIC mixture: was pro- 
ducctl. This had the composition : 

Al = (3.25’%, 
ZnO = 46.15(x, 

C$le = 47.60’$j. 

32.1.5 Sulfur-Nitratc Screening Smoke 

Mixtures 

STJMMARY 

Mixtures containing essentJially a nitrate, charcoal, 
and sulfur have: been investigated as a source oI" 

scrheening smokc.24 These mixtures are pla.c:~d in a 

metal can with a perforated cover. The nitrate: and 
charcoal and some of the sulfur react, giving off heat 
which vaporizes t>hc remaining sulfur. The mixture of 
rcact,ion gases and &mental sulfur vapor is emitted 
with some velocity tlhrough the perforations. Each jet 
c&rains air and c:ools the sulfur vapor, condensing it 
to form minute smoke particles. This smoke is white 
and shows little of the yellow color of sulfur. 

Sodium, potassium, or ammonium nitrate may be 
used. The former is available in the largest, quantities 
while the lat,tc:r gives a greater amount, of diluting 
gases. Thr: chief advantage of t,hc: mixture: is Lhat all 
the jngrctlicnts are availabk: in large: cluantitics. 
Weight for weight they are in the order of 50% as 
eflicinnt, ax IIIC smoke rnixturcs. 

The: mixtures appear to 1~: sufc Lo handle and 
store. No evidence: to the contrary has been found 
thning the rather cxtcnsivr experimental work. As a 
conservative precaution, however, it is recommended 
that adequate: st,c:ps be taken to protect, property and 
personnel from fire or explosion during the: rnixing 
and pressing operations. 

Sulfur smoke as discussed here refers to small par- 
t,icles of oloment,al sulfur suspc:ntictl in tlir air. Such 
a smoke has been set up in a nurnbc:r of ways. A 
cont,inuous sulfur boiler tired by :I gasoline burner 
was tlescribcd ly in Chapter 30. This produced up to 
500 lb per hr of sulfur smoke by forcing a mixture of 
sulfln vapor and supcrhcutcd steam through nozzles 
untlcr a pressure of scvcral pounds per square inch. 

A sulfur smoke was also produced on a small scale 
in t,hree units housed in a grecnlmrlse.“” These pro- 
duced sulfur smoke by (1) forcing a mixture: of stcum 
and sulfur vapor through nozzles, (2) using a steam- 
powered ntomizcr to spray liquid sulfur (caontaining 
0.2% iodine) into a heated iron tube, (3) allowing 
molten sulfur Lo run into the exhausl of an automo- 
bile cngint: operat,ing at, I5 hp. 

A &inless steel tubular sulfur boiler was built and 
opcrated.“l This unit, produced up to 275 lb per hr of 
sulfur smoke by forcing pure sulfur vapor through a 
nozzle at pressurt,s up Lo 70 psi. 

Sulfur smoke was also produced by a srn:dl two- 

compartment thormal generator pot.22 A fuel block 
of ammonium riit,rato and charcoal was placctl in the 
lower compar%mcnt, and hlmp sulfur in the upper. The 
hot gases from tlic: fuel block passed to the: upper 
compsrtmtnt, through a Vent,uri-shapntl tube and the 
molten sulfur was drawn into the: throat of the Ven- 
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turi through a hole. The mixt,ure of sulfur vapor and 
frlel gases issuing from tllc: t,op of the Venturi passed 
around a bufflc and out thror~gh holes in the: top of 
the upper compsrtment. Cooling of the vapor by air 
ent>rainment formed smoke. 

A continriorxs portable sulfur smoke generator us- 
ing t,hc: hot gases supplied by a gasoline burner and 
with moltten sulfur sprayed into these through a hole 
in tlic: throat of a Venturi tube was built and operated 
~uc:crss~“ully.“~ The flow of hot gases t,hrough the 
Vent,uri and of the sulfur vapor-combustion gas 
mixture through the exit, holes was induced by a 
atcam ent,rainment, jet. 

This sulfur smoke mixture: in composed of sulfur 
intimately mixctl will1 a suil:~~bIc fuel. When this 
mixturt: is i&cd in a closed containor with holes 
through which l,hc rpnulting sulfur vapor-gas mixture 
can escape, :I smoke of elemental sulfur parti(~lcs is 
formc~tl. Tlic f~cl used contained a nilrato as oxidizing 
agent and hence the mixtures have been designatcd 
sulfur-nitrate or SN mixtures. 

Mixtures have been made which contain principally 
sulfur, sodium nitrate, and charcoal; sulfur, am- 
monium r&ate, a,nd charcoal ; and sulfur, potassium 
nitrate, and charcoal. The sulfur is present, in con- 
siderable excess over that, in black gunpowder and its 
latent heat of fusion ant1 vaporiz&,ion absorbs the 
heat of reaction and slows the burning rat,{:. The rate 
of burning is influenced by the pcrcen t,ugc of sulfur. 

Tllr~ mixt,ures can be made by blending and press- 
ing the dry screened ingredients or by mixing the 
nit,rutc (except NHINC)~) and charcoal into the 
rnoltpn sulfur. netter results have been obtained by 
dry mixing and pressing since this met>liod result<s in a 
greater percent>age of tlic: mixture bnirig evolved as 

sulfur smoke. Thcw: dry mixtures must, bc pressed t>o 
insure a compact, block ant1 uniform burning. The 
minimum load t,o product a saLisfac:tory cake is of t,hc: 
or&r of 600 to 800 psi. Some of the sulfur reacls dur- 
ing the burning to form sulfides and sulfat>es which 
arc left in the residue. This does riot< occur when am- 
monillm nitrate is used, and apparent,ly all the sulfur 
is then converted to smoke. In any case, the burning 
fuel does not, protlucc: SOz in t,hc: c:ont,ainc:r. Tho per- 
centage of sulfur which reacts during the burning, and 
t,lie rate of burning tlcpcritl to sornf: cxtcrit, on the 
particle size of the sulfur in the mixture. The ideal 
condition is an intirnatc: mixture: of nitrate: arid char- 

coal which t,ransfers its heat of reaction t)o the sulfur 
without, rc:ac:tJing with it. This situation can be np- 
proached by using a larger particlc size for the sulfur 
than for the otlicr irigrctlicnts. If the sulfur particle 
size is too large, liowcvcr, some of tlic: sulfur is not 
evaporated and tlic &c:ic:nc:y drops ofi. The rat>e of 
burning also incrcascn bccausc tlic: sulfur is not, ‘so 
effective as a cooler. When the mixture: is matlc by 
melting t,he sulfur, it is intimately mixed with the 
fuel and, on burning, a part is oxidized to SC), with 
the resrllt tllal, a thin smoke is produced. 

The fuel gas-srllfur vapor mixture is hot as it (:om(:s 
from t>he burning block and will readily ignite snd 

burn t,o form S02 if mixed with air. If, however, t,his 
mixing with air is carried out, rapidly, the sulfur 
vapor- in cooled 13elow its ignition point before it 
iffnitc’s. Rapid dilution and cooling is also required to 
form tlic proper eizc: sulfur particles (about, 0.15 
micron radius) for an offcctivc sc:rc:c:ning smoke. This 
rapid cooling ant1 rlilut,ion with air is Ltc:c:orril)lisl-ic:tl by 
forcing tllc hot guxcs through a numbc:r of small 
orifices in tlir! contnincr out into the air. Orificcx about 
:7.i~ in. in diameter have been used. The number of 
orifices must, be balanced against the burning rate. 
If too few orifices are used, excessive pressure will 
develop and rupture the container. At low pressures 
the rate of flow through the orifices increases in pro- 
portion t,o the square: root, of t>hc: pressure? in the con- 
tainer, This will adjust, the: flop. rate aut~omat,ic~~lly for 
small changes in the: burning rate. At, prcnsurcs above 
about, I2 pii, the? rutc of flow increases much lcsa with 
prcssurr:. A sufficient number of orifices should be 
used t,o insure against, the pressure rising higher than 
this. There will be no need then t>o build the con- 
t,ainers to withstand a higher pressure. Tnert, gases, 
such as CU or Nz, evolved by the fuel and mixed 
wit<h t,he sulfur vapor, help to prcvnnt flaming and 
give a smaller particle size in the nmokc. 

The amour& of hoat, and the: volum~l;: of gas 
gf.~neratc:d by a nurnbcr of possil~lc flic:l rcactionx arc 
shown in T:U~ 2. Of the possible reactions of cliar- 
coal with NIT,NO,, NaNOs, or ICN(&, the first gives 
the largest amount, of heat, and gas, and the others 
fall in the order named. This is based on the: assump- 
tion that the carbon is oxidizetl to CO2 [see equations 
(2), (,I), (C;), Table 21. At, GO0 (.Y the so&urn nitrate 
products I3Ys as rnucli licat ant1 43% as much gu,s as 
the ammonium nitrate pc:r unit, wcigllt of fuel mix- 
turn:. If the: sulfur cntc:rs the reaot#ion [equation (9)] 
the amount, of heat, protlucccl por unit weight of 
carbon plus nitrate is inarcescd and in the case of 
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'Y.~RLE 2. Ttie heat evolvrd arId the vohmc of inert8 gasc3 furniwhrd by awed fuel mixtww hacd 
nn fl,n 8,ssumcrl renctinn is tdmlated hdow. 

.-..:.7= .- 
kcsl/g mix Liters @S 

lbction 20 c: 000 C (QTP, 0 C, 1 dm) 

(I) C + NH,NOa = CO + Kz + 2TT,O (g) 0.5X8 0.384 0.975 
174 ;- (1 + NH4n’Os = ; (JO2 + Nz + 2TI,O (g) 0.87 0.007 0,910 
(3) ? c: + NHSO$ = ", co + ; N:! + f KapO 0.029 
(4) : C + N>rNO;I = :I C:Oz + 4 Nr + i Ntt& 0.55 ii& 

0.578 
0.392 

(5) $ C: + KNOs = ; CO + : Nz + -b I\‘,0 -0.otx 0.515 
(0) 2 C: + KNO;, = : COz --+ : Nz + ; T\‘zO 0.:xX 0.256 0.338 
(7) ; P + NTIrNO:, = : P,Os =t- Nz + 2HnO (g) I .O!) 0.799 0.725 
(8) P + NHNO~ = li P&r, + fr N2 + ! NrtrU 0.!#76 0.805 0.09ti3 
(9) (: + NnNQ, + I: S = i: CO, + -k Nn $ 5 NnnS 0.715 0.5x0 0.378 

(lo) 2AI + C&Cl, = C f2AlCls 0.838 0.679 0.000 

sodium nitrate it, is S70j0 of that, with ammonium 
nitrate. 

The compositions of typical SN mixtures arc shown 
in Table 3. These mixtures all produced cxcc~llent 
smoke in several t,osts although all gave somewhat, 
varixhlt: performance. 

These mixt,urcs were never completely developed to 
give rc:liublc and reproducible results. The chief diti- 
culty arose from nonuniform and norirt?protlucible 
rates of burning which resulted in flaming of the 
vapors in some cases. Work 011 t,hc:nc mixtures was 
discontinued in order to concc:ntrat,o effort on the 
black powder-oil gel mixtures described below. The 
final results from the latter, however, were not, en- 
tirely satisfactory. The two-compart,rncnt,lt, oil smoke 
gancrator (see Chapter 30) resulted in a &sfact,ory 
smoke pot, which meets the requiromcnts for oil 
smoke pots in spite of its more complicated internal 
construction. The improvemcnts dcvoloped for the 
fuel block for this latter pot, ud other thermal 
generators, and described in Chapter 31, could very 
likely be applied to thr: SN mixtures to give a satis- 
fact,ory sulfur smoke pot of the intimat,e mixt,urt: 
type. Specifically the improvemonts suggcstcd arc: 

1. The use of linseed oil binder in&ad of celluloid 
in acetone. 

2. The use of a heavy paper liner for the cans to 
prevent burning down tlic sides of the mixture. 

3. Pretreat the charcoal and develop specifications 
for its manufacture. 

4. As an alternative for 3, the use of a noncarbon 
pyrotechnic fuel for mixing with the sulfur. All 
ingredients of such a fuel would be subject to rigid 
manufact,uring control. 

THE SCREENING Pnwr:r~ OF SULPUR SMOKE 

The: screening power of sulfur smoke has not been 
measured in tests on a relatively large scale in com- 
parison with other types of smoke. In tests on a con- 
tinuous sulfur smoke generator, producing as high 
as 275 It) per hr with an average particle size of 0.23 
micron, it was cstimatcd that, in the order of 1,000 lb 
sulfur per square mile was required for a good screen 
in winds from 7 to 17 mph. This is approximately the 
same amount as for Dial and also HC mixture. 

A visual comparison was made at Edgewood 
Arsenal of the M-l IIC smoke pots containing about 
12 lb of JTC mixture with SN pots containing about 
5j/2 lb of mixture. The volume of smoke near the pots 
compared favorably, but the sulfur smoke was some- 
what, less persistent. The sulfur pots generate ap- 
proximat,ely 5O0h of t,ho weight, of tho mixture as 
smoke, whereas the HC mixture gives in the order of 
75%) of its weight as ZnCL. The latter weight of 
emokc is augmented by taking water vapor from the 
air to hydrate the ZnClz. 

A rough estimate of the cost of area screening by 
SN mixture can be made, although t,his is not based 
on adequate field tests and may be inaccurate. A 
figure of 1,400 lb per square mile required for screen- 
ing is taken as a basis, Tn a IO-mph wind this would 
require 14,000 lb per hr of sulfur srnokc or 28,000 lb 
per hr of SN mixture. WiLh sodium nitrate at $1.35 
per 100 lb, and sulfur about one cent per pound or 
less, the cost of the mixture prepared and loaded into 
aontaincrs should be in the order of 3 to 5 centIs per 
lb. (Note. Diol itself costs from 3 to 4 cents per It).) 
This would indicate a cost of $800 to $1,400 per hr 
per square mile for SN pots alone, exclusive of the 
labor to place and operate them. 

Shbm-Y PRECAUTIONS 

Mixtures of the type consisting essentially of 
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TART,E 3. Cknnpositions nf typicd ST\’ stnokr mixtures. 

Sulfur NUN&Chmml 
1,500 g mixture ui;ed wit11 H, surface area of 22.7 sq in.; 
binder, 5% cellulcrid in n,cetone; 75 g trf ste,rter, 32.0% 
N:1NO,, SC% ch:rrcoe,l, tXv~ sull”ur. 

-.. 
NnNO:<, wl %j 31.47 34.0 
(.‘h:troo:rl, wt ‘j$ 5.53 6.0 
Sulfur, wt [!J$ 03.0 60.0 
Binder, cc 140.0 150.0 
Hurrying time, rnirr 2-21 

14-26 
4 4; 

Sull”ur, mesh size 28 35 
Per cent of rnixturr n,s smoke 47-50 40: 
Orifice nixe, in. 8 to jsi A 
Nurnhcr nf orifices 12-14 14 

1,250 g mixtllre with :t t;urfucc n,rrn, of 38.5 tiq in.; 
hinder, 5% celluloid in :tnr:t,trnc; sulfur, cornrneroi:rl 
ilowcrs; 20 g TIritish starter (40% Si, 540/, TCXO:,, 
Ci(j$, (J) coniprcsscd into : x 2-in. ckncter pelletjs; 
presacil in three layers. 

A I? (.I 
6.3 3.1 16.0 

I!).!) 
27.X .& 7r,.o 
46.0 64.7 10.0 
30.5 14.2 25.0 

sodium niLrate, charcoal, and sulfur have been mixotl 
ant1 p~~:ssed in amount>s up to 3 Ih und mixtJurc:s of 
potassium nilde, charcod, and sulfru in amountfi up 
to 5% lb. I)tlring this t:spwimt:r~t:tl work, thcrc: W:~H 
no in&lent to indicnte that, tlicsc mistures cvf:rC 

sensitive or dnngc:rous lo liftndle by t,lie rnctliods of 
mixing and prcsxing employed. During burning of 
the complotctl c:xpcrimentrtl smoke pot,x in the field, 
there was a numbc:r of teut,s in which the mixture 
burned too rapidly for the gases to cscupe tlW0lgh 

the pc:rforat,ions in the cover; the cover was blown 
off arid tlic: contents scattered over B radius of several 
yards. 

It, w:~s found possible to ignite small ritfnples of the 
mixtures by impact. 8amplos fird on it type: of 

machin(e that sffordcd some confinemenl for the 
mixture: were found t,o give only a small amount, of 
smokr: upon the irnprtct of a 2-kg weight, droppctl 
70 t,o 75 cm. Under identical contlitionr;, an explosive 
c:onsidered t,o bc moderately sensitive gives complete 
rlctonations al 40 to 45 cm. On t,lrc other h:md, TNT 
f& to firt: al 100 cm. Untlcr conditions which a,f’- 
forded very little confin(:rn(:nl, sumplrs gave :1. small 
amount of smoke, but, no ignitions or detonations at 
200 cm. The moderatdy scnsitivc explosivt: firrx at, 
approxirnutely 25 cm. Tl~llcrcfore, the samples w(:re 
apparently not very sc?nsit,ivc to impat:t. In all c~tsc8 
it, wets necessary for the operator to watch very closely 
for the small wisp of smoke which indicated that some 
tlcconiposition had taken place. 

A small pile of tlic: rnixt#ure could not be ignited 
with an ordinary match. l3lnclr gunpowder ifi known 
ias ~211 unprt:tlic:table composition, tmtl c:strr:rric: c:ir(:, 
practic:Llly :irnormting to tlist,rusL, slio~dtl hc oxrrckctl 
in processing it,. JZxperic:nc:c: indic:tlPe tllatl the cooling 
effect, of tlic: l:trge excess of sulfrrr in Ilic:sc: mixlures 
m:Lkcs lhem much 1~:s~ sensitive to ignition by sparks 
ant1 rnr~+~ slower burning when ignited t,han black 
powder. Tn viclw of the limited cxpcricrlw with the 

mixtures, ho\zevc:r, il is advisable t,o handle them 
with the same prPrautions as black gunpowtlcr. 

32 .1.6 I)iol-Sawdusl-Chlorate Srnokc 
Mixlmes 

%JMiUA ICY 

An intimate rnixt,ure of L)iol and a fuel W:M par- 
tially doveloped int>o B smoke pot of promising per- 
form:lnt:P.““~ 24 The fuel consisted of a mixture of snw- 
dust, :mtl rliarconl, irnprcgnitted with a solution of 
pot,>~ssiurn clilornte which was subsequently dried. 
The IX)1 was jelled wills 2% t#o 3’$j Ivory soap flakes. 
Tlrc: chief drawhack of this c;moko mixturc: is the 
cxt,rc:rnc hazard incurred in handling t,he imprcgnatrd 
s~~bdI&, especislly when dry, bc:forc: tlin IX01 is 
:&d&d. Once t,hc IXol has been blcntlctl into Lhe fuel 
the mixt,urc: is quite st,ahlc. This pot weighed about 
45 lb, contained 39 11) of smoke mixture, and burnctl 
about, 20 min. 

T1-H: fuel used in this mixture is bulky. Tlrc oxidia- 
ing :1.g@, which rn>t.y be potassium clrlorrttc or sodium 
nit,rtbt,c, is deposit,od from solution in tlrc pores rtnd on 
the surface of’ the sawdust. It, is very rt:aat,ive in this 
condition and wlrc:n Ihe mixt,uro is dry, combustion 
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will flash through thr: mixture very rapidly. If l>iol 
is added and thoroughly mixchtl in so that the saw- 
dust in oil soaked but not sr~bmc:rgc~l in oil, the burn- 
ing rate is slowed down considcrabl_v but the combus- 
Con may st,ill pass throughout, the: mixt,ure quickly 
and even fail to vaporize some of the oil. If the fuel is 
submerged in oil the combustion dorx not, take place 
below the oil level, and burning t,akes place: regularly 
and progressively down through thr mixture vola- 
tilizing the oil as it goes. This latter is the principle on 
which the pot, functions. 

~~:~CHIPTION OF TlllC SMOKE POT 

The arrangc:ment of the smoke pot is shown in 
Figure 3. 

&okc Mizture. A fairly sat,isfac:tory mixture con- 
sisted of 24.8% sodium chlorate, 10. I (yO charco:.d, 
10.10/o sawdust, a,nd 55O/1, LXol. A mixt$ure with a 
higher IXol content, could probably bc developed but 
the work did not, continue far enough t,o establish 
the limits in this respect. The mixture was prepared 
by soaking the sawdust in a water solution of potas- 
sium chloretc and then drying this sawdust, to re- 
move the water. The: treated dried sawdust was ex- 
tremely hazardous to handle. The sawdust, t,hus pre- 

pared was then mixed wit,11 a suspension of charcoal 
~tncl atltlition,al chloratJe in LXol. The Diol used was 
preparrtl hy dissolving 2yi to 3O1, Tvory soap flakes 
in il at 230 1’ with continuous stirring during the 
cooling of the mixture. The cooling should take pluc:c 
at a modcratc rat,{:. 

In addition to this main mixture, a transition mis- 
ture and a starting mixlurc were employctl. About 
35 lb of the main mixt,ure wit,h 3 lb of the transition 
mixture and 1 yA lb of ttic: starting mixture were used. 
Tlic: transition mixture contained 1874, sodium chlo- 
rate, 5.6’s charcoal, 21.9%) sawdust, and 54.5%) l&l 
and the st>arting mixture rontainod 13.5”/0 sodium 
chlorate, 32.5’$, sawill& ant1 54’$j Dol. In Cac:h case 
t,hP ingrc:tlit?nts were 24-mesh yellow pine sawdllst, 
150-rn(:sh charcoal powder and LXol 55. 

C’or~lui,r~t’~. The smoke mixture was placed in the 
bottom of a 12-in. diameter by 15-in. high steel can 
closed with R tight, cover. The oil vapor and combus.. 
tion gases issued from :.L singk! 1 -in. diamc:tc:r orifice 
in the center of t,he cover. A spark filter consisting of 
an arrangement of baflles wts placed between .thc: 
smoke mixt,ure and the cover. The pot was well xuit,r:d 
for 11s~: as a smoke float. ‘1’11~ smoke mixture ignitc?s 
wlicn a strong acid comes in contact1 wit,11 it. This 
was ~11~ rnc&d used to ignite the pots. A glass vial 
of sulfuric: a(:i[l was placed in :t mnt,al case and in- 
serted in t,hc: st>arting layer of smoke mixture. The 
metal KM: c:r~nt,ained a cocked firing pin actuated by 
a spring. ‘l’hc pin was held by a rod extending up 
t,hrough the cover of the pot. When the firing rod was 
pullcti, the cocked pin was rcloased and broke: 111~ 
acid vial igniting the smolcc mixture, 

The scr&ing power of the smoke was cnt,irc:ly 
comparable to the oil smoke produced by the con- 
tinuolls oil smoke generators, except that, the pot 
gencrat,crl iL at, a much lower rate. The burned saw- 
dust gave the: smoke the acrid smell of burning wood 
which was somc:whatj irritat)ing near tht: pot but was 
diluted sufficiently a short, rlistance away. 

Smoke Miztu~e. Somt? of the salient features of the 
development work will 1~: rnontioned especially whc:re 
t,hc?y convey ideas for the: improvement of this or 
similar mixt,ures. 

Thr: charcoal was added to increase the heat avail- 
al&? to vaporize oil since charcoal has a significantly 
higher hoat, of combustion than wood. This resulted 
in complications due to a decreasotl burning rate. 

The burning rate is affected by the ingredients used 
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in the mixture, their proportions, and method of 
preparation as wc:ll as Lhe conditions of operatJion. 
The ideal mixture? 25 will oxidize all the sawdust, and 
charcoal and norm of the oil. A theoretical mixture 
should be possible containing 17.5% sodium chlorate, 
1.4%) charcoal, 2.00/o sawdust, and 78.2% Diol. Heat 
losses from the pot and incomplete combustion re- 
duce t,he per cent Diol below this theoretical figure. 
It should be possible to incorporatn :I considerably 
larger percentage of Dial than the 55’s used in the 
pots, The mixture was not very sen&ive to the tem- 
peraturc: of tlic mixture at t>he t,imc! of ignit,ion. Two 
idernical pots were prepared and st,on:d, one at, I IO 1’ 
ant1 the: other al IO V for 72 hr, and thnn burned 
imme&tt,c:ly. The higher temporaturo pot, burned in 
18 min while the cold one burned in 21 rnin. 

Tbc oil was jelled to improve the perforrnanrc at 
the higher tJemperatures (110 F). There was a tend- 
ency for a layer of oil Lo separate at these tempera- 
tures and interfere with thn ignition. Various jelling 
:tgent,s were t,est,cd. These included aluminum slea- 

rate, oleato (tit,c:r number 10-12) flakes, amber flakes 
(tit<er rmmbcr 42), and both Ivory and Swift soap 

flakes (both huvc a t,iLer number of approximately 
32). The olcat,r: flakes were mainly sodium oleate; 
Ivory flakes are about half and half sodium oleate 
and sodium stearate; and the amber flakes, mainly 
sodium st,earate. The olente flakes formed a poor jell. 
Tba Ivory and amber flakes were sbod qua1 in jcll- 
forming properties, with the Ivory flakes possibly a 
1iLtlc s;u;)crior. Of several greases tcstcd, N&La R-E 
(SLandard Oil Co. of l’ennsylvsriia) gave tllc bcdL 
results. 

Sodium nitrate may possibly bc subst,itutcd wholly 
or in part for the potassium chloralr. This may be 
found tl(~sirablc tluc Lo a shortage of potassium 
chlorate or to Lhc: reduced hazard from sodium ni- 
trate, although both chemicals are considered hazard- 
ous. Hlack gunpowder. can bc used for the fuel in 
place of the mixtures described. A smoke rnixturc 
with black gunpowder is described in t,he nr:xL scc- 

t,ion. The oil in the mixture depresses t,bc burning 
rat,c and eliminates the hazards normally associated 
with black powder itself. 

Thr: Cmtai~ner. Several sizes of containers were 

t,riecl in addition to the one dcncribed above. These 
were 12 in. in tliamc\tc:r by 8 in. high, (i in. in dinmctcr 
by 7 in. high, and lJ$ in. in diameter by 4 in. high. A 
5-gal paint or oil can would no doubt be the most, 
suitable. This would compare with the M4h2-HC 
smoke float. 

The smoke c:xiL orifice is of great importance since 
it controls the flaming t,c:ndcncy of the mixtnro, t,he 
particle size of the smoke, and hence iLs xcrccning 
power, and the pressure within the pot. In the pot 
described, this oriticc might well be reduced to a 
single 4i-in. diamet,er bole or several smaller orifices 
of the same total arca. 

The p&ally burned sawdust and charcoal showed 
a tcndcncy to be blown from the pot) in a shower of 
sparks, Tf the exit smoke velocity was low, these 
sparks ignit,etl the oil vapors before they had time to 
contlenso t,o smoke part,icles, ant1 flaming from the 
orifice result,c:d. Various forms of spark fibers were 
tried over the smoke mixture. Those which consisted 
of an acLua1 filtering material, such as a wire mesh or 
&ccl wool, were not satisfactory due to plugging of 
the filter. A baffle arranged as shown in Figure 3 was 
found to be quite satisfactory. The gases rose to the 
top of the pot around the peripbcry and then ro- 
versed their direction down into a centrally lo&cd 
ash trap and then reversed dir&ion a second time to 
reach the exit, orifice. This flow removed the ash 
and sparks witbout obstructing the flow of gases and 
vapors. 

The t,riggcr should be centrally located in the 
st,arting layer so that the flame will spread out, radially 
in all tlircr:tions equally. 

32.1.7 Jelled Oil-Black Gunpowder 
Smoke Mixture 

REQTJIREMENTS AND PHELI~M~ NARY WORK 
The principle involved in these pots consists of 

vaporizing a high-boiling mineral oil by a fuel int,i- 
mately mixed with the oil, followed by expulsion of 
the oil vapors and combustion gases from the fuel 
through an orifice or orifices and subsequent con- 
densation of the oil vapor into oil droplets of about 
0.3 micron radius. Oil droplets of this size have 
optimum screening powers. 

Specifications called for the filling mixture (1) t,o 
bc composed of noncritical materials; (2) to be cliemi- 
tally stable and capable of withstanding tbc offccts 
of prolonged storage at temperatures up to 150 F; 
(3) to produce a thick, persistent,, nontoxic: smoke for 
10 to 15 min; (4) to product smoke at a maximum 
rate within a few sc:conds after ignition, the rate to 
be about the same at, 0 F as at 150 F; and (5) the 
combined weight of filling and container to be 35 lb 
or less. 

It, was tlecidcd to develop a filling mixture similar 
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to the T~Cl(.)s-sawdust-oil mixbres. The use of chlo- 
rates was prohibited clue to the great hazards in- 
volved in l~antlling these salts. The possibility of 
utilizing black powder as fuel to vaporize the l&l 
was givt>n primary considerat,ion. Since: a prcrcquisitc: 
of t,hc fllel was its availability in large qilant,it,ic:s, it 
was decided to confine: the major portion of the work 
to sodium nitrate base (H) IJack powtlcr. The: A 
pobvder is more expensive and its base, potassium 
nitrate, is much more critical in supply than sodium 
nitrate. The A black powder is a trifle stronger, some- 
what quicker, rnsists m&Lure better, and will keep 
in good condition longer than I3 blasting powder. 

The best, haso charge developed was composed 
of ,18~7~ H black powder, 3 ~&mesh; 2{y0 coarfic 
sawdust,; 80/I, treated AT, wood pulp; ant1 42”i; L)iol 
55 jelled with 1 J&yC, sodium stearate. ‘1‘11c t)(?st, tmn- 
sition mixture was componcd of 43Oj, K l)lac:k pow- 
der, 1 c3&-mesh; fY%, treated AL wood pulp; 21 “i;, 
coarse sodium nitrate; and 30% IX01 55 jelled with 
1 x/,“/;, sodium st(!arat(:. Altllougll both mixtures Irtnc- 
tionecl reasonably well from -440 to 150 F and pro- 
duced a good fimokc: cloud, n&her was stable when 
stored at, I50 F for prolongccl periods. Syneresis of the 
IX01 jell oc:c:ur*red at t,his temperature, re8ult8irig in 
the form:.tt,ion ol’ a layer of free oil on top of tJllc! 
charge that tl(:sLroyed the proper functioning of hot11 
mixtures. The manrdacturing process for both mix- 
tures was sirnplr:, short, and practical, and r(~quir(:d 
no ~I:~l~oraL~: cquipment~. 

A nrlmher 01 oils, greases, jells, and absorbents 
wvrc tested in an effort, to pr.oduc:c: it niixt,rnre which 
would be st,able at, 150 1’ ant1 would perform satis- 
lactorily at, all t,c:mpr:r:~Lures Irom - 40 to 150 TT. An 
outstnntling (:ti:lr:t(:teTisLic of the oil-smoke mixture 
was th: cffcct, produced by varying the: :~~rnoiirit of 
jelling agent,. Wllcn the amount of the latter was 
sufhciont, to slubilize the resultant, jell at, I50 F, :I 
high percentage ol fuel was requirc?tl to maintain 
combustion. This resulted in a much llighc:r tcm- 
perature than was necessary to vaporize LhP imjelled 
oil. Consequently, the oil vapors were cracked and 
the smoke cloud was t,hin, nonpersistent, yellowish 
brown in color, and of very small particle size. 

The various phases of Lhe work mill be described 
untbr scparul,e headings. 

GENERAL EXPERIMENTAL TESTS 

A total of 1590 oil-black gunpowder smoke mix- 
turcs were tesLed.Z8 They were burned in containers 
ranging from 3 in. to 12 in. in diameter, and from 

7:,4 in. to 24 in. in height. The: container used most ef- 
fectively was a S-gal, 24-gauge, lug-covered, atraight- 
sided shipping container cquippc:tl with six 1: iLr-in. 
diameter side orificw. Tlic pot, was ignited by an 
electric squil) and primed with a mixturt: of l’h304, 
Al, and FcSi contained in a quick-melting zinc cup. 
The cup WRY soldered in a 3 x-in. hole in a sheet metal 
diaphragm which was utilized to hold the charge: 
securely in place. A cork gasket resting on a flat head 
rollctl in the side of the container formed a seal with 
t>hc: diaphragm. The filling mixture was composed of a 
fast-l)llrning transition layer weighing 4 lb and a 
base charge weighing 24 lb. ‘I’hc ent>ire unit lveighed 
35 lb. 

The following conclusions wcrc drawn: 
1. A prirncr composed of red lead, aluminlml, and 

ferrosilicon was c:nt,irc:ly satisfactory. 
2. born 2 to 4 111 of transit,ion mixture were neces- 

sary to protluco rapid, positive, and uniform ignilion 
of th: hasc charge. 

3. Standard 5-gal paint pails were ent,irely suitable 
for use as containers. 

4. No hafIles or spark filters were required to pre- 
vcnl flaming when the: smoke: insuctl through small- 
diamet,er orifices. 

5. No base chargc~ was produced which proved 
satisfacby under all conditions to which smoke pals 
arc exposed. 

6. When suEicic:nL jelling agent, was atldctl Lo oil to 
prevent, separation of luel from thr oil snd free oil 
from the: j(:ll al, clevat8ecl temperatures, an excessive 
amount of IJack powder wns required to maintain 
combustion. 

7. ALtempt8s to prcvcnt, st~paration of thn fun1 from 
the oil by the use of ahsorhcnt, rnat,c:ri:lls protluc:c:~l 
charges which l~~rncd al cxccssivc rat,c:s duo Lo Lhe 
porosity of the charges. 

8. Charges formul:~&:tl with rctluc:c:rl :III~OI~I~~R of 
jelling agent, supplr:rncnLcd by abst)rl)cnt male&, 
c.?xhil&:tl synrrasis at elevated temperatures. 

9. l’ot,:tssi~un nitrate black powder was a much 
more cfficicnt l’uel than sodium nitrate black powder. 

Music Mixture. The basic mixture which ma&? up 
the major part< of the chargo to the smoke pot, was 
compounded of a wide val’iety of ingredients con- 
sisting principally of various grades and typcw of 
black pow&r; oils such as 13iol 55, lXo1 55 with 
jelling agents, vnwlinn; bulky fillers such as wo~~l 
pulp, ground newsprint, and sawdust,; ant1 sotlium 
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nitrate. The: 1Xol jell was prcpurt~d by heating Diol 
55 with Ivory soap flakes to 240 C.: accompanied by 
considcrablc agitation and followed by cooling slowly 
in air without furthor agitation. Although a fair 
amount of smoke was produced by some of the initial 
tilling mixture compositions, considerable trouble was 
encountered from flaming and uneven burning rates. 

Decreasing the orific:r diameter increased thn vc~loc- 
ity of the smoke vapors ant1 decreased the particle size 
of the smoke. For example, smoke issuingfrorn a y&in. 
diameter orifice was mr~nh finer and more persistent 
than if it had passed through a 1 -in. diameter orific:c+. 
Sul~scqufW, tests were made: in pots equipped with a 
medium-size single orifice, or a number of relatively 
small diameter orifices. 

Numc!rous jelled-oil, vapor-producing mat&& 
mere tested. Included in this group were: Diol 55 
jelled with 3y0 sodium stearate; kerosene jelled with 
3 and 50/, sodium stearate; 969 oil jelled with 3, 8, 
and 23% sodium stearat#c and with 15(70 ahuninum 
stearate. Bane: charges containing the relatively high 
stearate-content, greases (15$& aluminum stearate 
and 23’%j sodium st,earate) and 4FH or 3YB black 
powder burned very slowly and produc:c~l very little 
smoke. In general, the charges containing the lower 
stcarate-content jells hurried faster, brat still were 
slower and produced a thinner smoke than those con- 
taining unjelled oils. The c!xtent to which the rate 
was retarded was proportional to the xtoarate con- 
t,ent, of the jell. 

To circumvent the objectionable fcaturcs of the 
jcllcd oils, and produce a filling mixture whose in- 
gredients would not, segregat,c? at 150 F, a large 
number of bane charges wcrc formulated with B 
blasting powder, highly absorbent c:Lrt)onaceo~~s rna- 
terial, and cithcr Dial 55 or vancline. At, least 7%) of 
absorbent material was rcquirecl to prcvcnt, the black 
powtL:r from settling out of 8 50.--50 mixture of powder 
with vancline or Dial 55 at, 150 F. Ax H rule, these 
cliarg:.(:s burned at, a high nonuniform rate and pro- 
duced a good volume of fairly white, persistSent 
smoke. 

A group of base charges, \*.liich containc:tl a rela- 
tively fine granuMon of KNC)J,ase black powder, 
exhibited cscclh:ntJ smoke-l)ro(lucing prop&es. A 
(:h:~rgc which was rrprc:sent,at,ivc: of t>he group was 
composed of 37’$, 3FG sporting powder, 13% :m- 
moriia dope, and 50%, 1X01 jell (loA, sodium sl,cartitc:). 
It, was believed lhat, the exct?llont propcrtics pos- 
m:sst:tl 1)s this group of charges was due either LO the: 
fink granulation, the i-hr milling time, or the KNC),? 

base of t,hc 311’C: sporting powder. A supply of B 
blasting powder having the same granulation, i.e., 
z~~~-rnrrih silk was procured. Charges containing 
this powder and having the same percentago com- 
position as thr? one cont&ng 3FG powder wore very 
slow bllrnin~. 

Charges contrtining 43oj/, 3% sporting powder, 5% 
T I4 wood pulp, 5(x, sawdust impregnated with 50y0 
NaNOR, and 47(x, Diol jell (1% sodium stearute) 
burned at a satisfactory uniform rate, and produced 
a good volume of fairly persistent, smoke. The nitrutc- 
impregnat,ed tilwdust, as well as the: sporting powdm 
fuel, apparently influenced the functioning of those 
charges. Charges in which a mechanical mixture of 
coarse sawdust and coarse sodium nit,rate was substi- 
tut,ed for the impregnated sawdust functioned prac- 
tically as well as those just described. Substituting 
3FG sporting powder which had been milled 1 x hr, 
instead of the usual 4 hr, in these formulations had 
very little effect on their performance. Sportirlg 
powder milled for 1 $$ hr would be a much cheaper 
product, than the regular 4-hr milled powder. 

B blasting powder, 2?&;-mesh, which had been 
milled for 3 or ~4 hr did not improve the performance 
of charges similar in formulation to those containing 
l3 blasting powder, “+&;-mesh which had been milled 
for If i hr. B blasting powder, which was manufac- 
tured with sporting powder pulverizn (charcoal-sul- 
fur mixture), possessed none of the desirable burn- 
ing charact,crist,ics of sporting powder. Therefore, in 
view of the fact, that, TS blasting powder of the same 
granulation ELM 3W #porting powder, milled for the 
same period as sporting powder, or containing the 
same pulverisc as the: A powder did not equal the lat- 
ter in performance, it is apparent that the r?scellent 
properties of sporting powder were due primarily to 
its base, potassium nitrate. 

In order t,o secure more uniform tMribution of the: 
fuel in the filling mixture, B blasting powder, l$“&- 
mesh (c~onsiderably finer than 4FB blasting powder) 
was t&cd in base charges having the following com- 
position: 4X~Jj R blasting powder, 1 F&mesh; 3%) 
coarse sawdllst; 5’, T---l4 wood pulp; and 44v0 Diol 
jell (I”/,, sodium st,earat,e) . These chargcn burned at a 
fairly uniform rate and produced :L good cloud of 
smoke. The 1”$1-mesh granulation of B powder was 
of normal conlpoxition. It, was used in the majority 
of the charges tnst,c:tl during the latter part, of the 
investigation. The: 3% coarse sawdust, in the above 
charges apparnntly maintained a thicker burning 
layer, thereby producing a uniform rate of smoke 
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production. ‘I*hr fact, that t&c charges were tlcnne, 
soft, ant1 wcl (oily) probably had a great, off(:c:t on 
the burning. In pract8ically all cases in which th& 
charge was low in density, dry, and porous, the I)urn- 
ing rat,<: wan uneven and unt:ontrollable. 

‘l’ho first few attempts to burn charges at initial 
tcmpcratures greater than 120 F result& in blowing 
the covers from the pots wit)hin a few moments after 
ignition. The fact, that, t,he charges wer(: mixed at room 
temperature and than heated to 120 F or higher 
seemed significant. Mixing at, 120 F under atmo#- 
pheric pressure, or mixing at room temperature under 
4 to 5 psin, resulted in charges which burned at, a 
normal rate when ignited at, 120 F. The excessive 
burning rates were evidently due to air cnt,rupped 
during rnixing at room temperature (somet,irncs as 
high us 22% of the volumt: occupied by tho churgc), 
which expanded when the charge was heated to J 20 F 
and rnadc the mixture porous. The viscoxity of the 
Sol jell at 1.20 2’ wan rnrd~ less than at, room tem- 
perature, and, consequently, less air was entrapped. 
Mixing under reduced pressurt? also reduced the 
amount of air entrapped. Although these two 
methods produced charges containing much less air 
than previously, a consider&b amount of air still 
remained. An effective but, impractical method of rc- 
moving substantially all of the air, consisted of 
jouncing the: pots at J50 l?. This method was im- 
proved later by jouncing under reduced pressure. 
Subacquently, a simple, practical met,liod was dc- 
vised for removing most of the entrainctl air. It con- 
sisted of drawing &o hot, freshly mixed charge into 
the smoke pot, through a :$-in. diameter orifice under 
a fairly high vwu~m~. 

Whon the: lest mentioned charge (48% n pow&, 
3% sawdust, 5% T-14 pulp, 447$ Diol jellj was 
hoatcd to 150 F and subjected to a test simulating 
tht: vibrations which might, 1~ encounteretl during 
shipping, the black powder settIled to the bottom of 
the pot, leaving a 1 ?&in. top layer consisting only of 
oil and carbonaceous material, To prevent settling of 
the black powder under these conditions, the per- 
centage of absorbent, materials and the amount of 
sodium stoarutc in the Diol joll were increased, anti 
more highly absorbent wood pulp was substituted for 
T--l4 pulp. The resultant charge was composed of 
48%) B blasting powder, I,$&-mesh; 2% coarse saw- 
dust; 8y0 t,roated AL pulp; and 42y0 Diol jell (I ?& 
sodiurn &car&e). This charge performed very satis- 
factorily at all temperatures br:t8ween 0 Y and 150 F, 
RIMS produced a good cloud of white, fairly persistent 

smoke for about 10 min. Howcvcr, clrlring hot, xlorage 
at 150 F, t>he jell broke down to an extent, dc:pc:nding 
011 Imgt,h of tit,orage, causing the formation of an oil 
lnyor on t,op of the charge. Upon ignition of these 
pots after hot storage, tlic oil layer either quenched 
t,lic primor or crtused the charge to burn very slowly 
for severd minutes. As soon as the oil layer’ was 
vaporizctl Ihc remnintlnr of t,he charge, which was 
now rich in fuel, burnctl at a high rate and in some 
cases thr cover was blown from the pot,. 

Diol 55 in combination with Dial jcllcd with ci”i; 
sodium stearnto resulted in charges which were quite 
stable at 150 V. This jell, when t&cd by it&f at, 
1.50 F for one month, showed vary lit& tendency to 
break. A typical charge was composed of 50%) B 
blasting powder, lF&-mesh, ZOi: coarse sawdust, 8% 
trcuted AJ, pulp, 287:, Dial 55, and 1257, 1Xol jell 
(GOi; sodium stcarate). This type of charge did not 
burn at a uniform rate, and it>s smoke was thin, yel- 
lowish whit,{? in color, ant1 lacked persistency due to 
its high fuol-to-oil rat,io. Although J part of black 
powder should vaporizr: 2 parts of oil, t,his charge 
required 2yJ parts of fur:1 per 2 parts of oil. 

Non-Jelled Mixture. A group of charges containing 
B blasting powder, shredded asbestos, and/or kicscl- 
guhr, Diol 55, and in some c:ast:s a few per cent of 
coarse sawdust wcrc tested. A typical charge was 
composed of 4.0°j, H blasting pow&r, 1 y&-mesh, 14”j: 
shredded asbest,os, and 4ti’y0 IXol 55. This was the 
most efficient, smoke chnrgc? tested. only l:i parl,s of 
fuel were ncoded to vaporize 2 partIs of oil. Since the 
oil contained no jelling agc:nt, the problem of syneresis 
at 150 1q did not exist. Another advantage of t,his t)ype 
mixturf? was t,liat, vr:ry little air was entrained in it, 
during mixing ad, therefore, it, rcquirctl no de-airing. 
‘I’hc smoke produced by this c:l~rgc wfts very white, 
dense, and persistent,, and pondcssed excellent ticrcen- 
irlg qualities. ‘Chc! charge was very dense, soft,, and 
oily. It surged considerably throughout, its hum- 
ing tinle. Much additional work would have t,o be 
done in o&r to perfnct, this particular lype of 
mixture. 

Other ‘I’ests. An oil-smoke mixture, composed of 
48(70 B blast,ing powder, 8% AL pulp, 2% conrsc 
sawduxt, and 42”i/,, Din1 jell (I ?A%, sodium stearat,r:), 
had no corrosive or other deleterious action on 11w 
various materials contained in a smoke pot such as 
the lacquer-coated steel container, t,he zinc prirncr 
cup, t,he galvanized sheet-metal diaphragm, and the 
cork gasket. 

An 1J !.i-in. pot containing 25 lb of chargr of this 
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composition pcrformetl very wt:ll when thrown in :L 
pool of water. 

N~u~~crou~ tests on charges of various compositions 
at -440 F indicated that this temperature had a very 
considerable slowing cffcct on the burning rate. 

Tmn,sition Mkctures. Transition mix&es w(:rc 
employed t,o produce rapid, uniform, :~ntl positive 
ignition of the base chargo. It, was also dcnirable 
(1) IhaL Lhy give off sufficient, heat to warm the 
upper portion of the smoke pot, in a relatively short, 
time, thus minimizing the contlnnsation of oil vapors 
on the inner walls of the conlainc?r; (2) that they 
generate a good cloud of smoke thornselves; (3) that 
they cause combuat,ion t,o transfer smoothly t#o the 
base charge so that, there would 1~: no sag, in the 
production of smoke vapors, which would interrupt, 
the continuity of the smoke cloud; (4) that they 
ignite over their entire surface within a few seconds; 
(5) that they perform the sxmc at - 40 F as at, I50 I?; 
and (6) that, t,hey have the same oil-t,o-rtbsorl,ent ratio 
as the base: charge, to prevent, migration of the oil. 

A layor !d in. deep, weighing 1,000 g, was employed 
in a number of 12-in. pots. IIowcver, a l-in. layer, 
weighing 2,000 g, proved much more effeclive in pre- 
heating the sides of the relatively heavy 12-h. pot, 
and in cffccting more uniform ignition of the base 
c:harge. The formulation contained I O(y{, of coarse 
NaN03 for the express purpose of securing a higher 
dcgrcc: of oxidation, and thereby producing a grcuter 
amount of heat. 

Some sag in smoke production between transition 
mixtJure and base charge occurred. In an effort to 
overcome this clixractJeristic, annular rings, Fg in. 
deep and 1 in. wide, were formed in the surface of 
the base charge before adding the transition mixturo. 
It, was thought, that the transition mixtoro in the dc- 
pressions in the: base charge would still be burning 
after the ridges of hast: charge had been ignitc?tl. The 
idea did not, prove &:c:tive. A mcthotl for preventing 
sagging, which did prove satisfact,ory, consistotl of 
blending &out, j$ of the transition mixture with the 
upper portion of t,he base charge. The rrrnnining por- 
tion of the transition mixture was then added as a 
separate layor. 

The transit,ion mixtures developed conbined : 

H black powder, I!$&-mesh 4t3 50 
Treated AL pulp 8 8 
Pellet NaNC)a 10 10 
1301 55 23 22 
Diol jell (CC%) sodium stearuto) I I 10 

They were 11st:t1 together; 3 lb of the: first mixture 
was placed on top of the base chargo and then 1 lb of 
the xttcond mixture, which was faster, was added. In 
ac:tii:tl operation, the top layer of transition mir;ture 
burned in a few sccorids, igniting t,lic second slower 
layer and, at, the same time, blowing off the taprs 
which covered the orifices. Very little nagging oc- 
crlrrctl between the sc:c:ond tra,nsition mixt,ure and 
thr: base charge. Both of these transition mixt,ures 
provctl t>o be quite stabl(h when stored ut 150 lc. In 
i’rtc:L, the combination of 1301 55 j&d with Ciu/, 
sodillm xt,c:arate and Diol 55 absorbed by :A narbo- 
naceous rnat,orial proved to 1~ more stable at 150 F 
than any of the other vapor-producing rnnlorials 
tested in transition mixtures. 

Conluiae~s. The containtbr should be so designed 
that it, could hc manufact~ured easily and, it’ possible, 
1)~ a currently manufactured, standard-size art&. 
T&s were made in pots G-in. diamot,cr by 71/4 in., 
12-in. diameter by 15 in., and in standard 5-gal round 
cans. 

At first,, the Gin. pots were equipped with a single 
l-in. diameter orifice. Later it was obscrvcd that a 
decrease in the diamctcr of the orifice changed the 
smoke particle size from coarse (blue sun’s disk) to 
fine (magenta sun’s disk).” A number of t,c?sts were 
then performed with pots equipped with a device 
which permitted the orifice diameter to be changed 
gradually from T&in. to :$-in., while the pots were 
functioning. 

Some of t,he first tests wore made in potx which 
contained no bufflcs or spark filt,c:rs. Even though 
glowing particlcs were carried out of the pot by the 
smoke stream, the tendency of thc oil vapors to ignite 
from the sparks was only slight,. Docreasing the orifice 
size and thcrcby increasing the velocity of the oil 
vapors minimized any tendency t>owsrd flaming. 
When the smoke velocity was greater t,htLn the rate of 
flurnc travel, flaming which did occllr was only 
rnorn~ntary. 

A numbor of tests were made with Gin. pots which 
contained a baffle arrangement to reduce the large 
number of sparks thrown out by certain types of 
charges. The baffle-t,ype spark filter reduced the 
flaming tendencies of all base: charges with which il; 
was tried. Very coarse mesh screens, tested in an at- 
t,empt to filter out sparks, quickly bccnme clogged 
with residue, reslricting the passage of the smoke 

lb The latter smnke particles were nf 0.3 micron mdins, which 
size is most desirable for maximum screening effect. 
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vapors. Consequently, very little work was done with 
screen-type spark filters. 

Six-inch pots equipped with a number of equally 
spaced ?fG-in. dismetcr orifices, drilled in the side 
of the lid, possessed numerous advantagr:s over those: 
with the single, large orifice in thr: top of the lid. The 
smoke from the multiple-side: orifices was whiter, 
denser, of smallr:r particle size, and more persist,c:nt 
than smoke emitted through the: single large orifice. 
‘Ejecting the smoke parall~~l to the ground through 
these small, side orifices also reduced the tendency of 
the smoke! to rise, which was quite marked when the 
smoke issued in a column perpendicular to the 
ground. ‘l’hc smoke vapors from pots having a 
number of small orificox also showed little Lend- 
ency to fiame ever1 wl1c:n the pot was not, equipped 
with a spark filter or baffles. Figure 4 shows >k 
&in. pot equipped with fifteen 3(s-in. side orifices. 
Twelve-inch pots equipped with fifty jji&. diame- 
ter side orifices w(:re tested and found to have the 
same features as the multiple, side-orifice, (i-in. potjo. 
The ?,ie-in. diarnt:tcr orifices poxscsncd one undesir- 
able characteri& in that they frcquel:lltly became 
cloggod with residue. As a result,, the: pressure in the 
containers would rise and cause the filling mixture to 
burn unevenly. This condition was remedied by in- 
creasing tho orifice diameter tin ,3$ in. and at the same 
time reducing the number of orifices to two for the 
B-in. pot and to eight, for the 12-in. pot. 

Standard 5-gal containers similar to HC smoke 
floats wtire found to bc qrxit,e satisfsctor’y. These con- 
tainers were equipped with eight ?&in. side orifices 
for the first tests. The v&city of the smoke after 
passing through these orifices was lower than normal, 
and t,hp number of orificrs was retluc:otl to seven. Jn 
or&r to have an oven number of orifices and to oh- 
tain the advantages of slightly larger orifices, the: 
member was dccrrased to six and their diametc?r was 
in.creased to 1!;2 in, This number and aizo of &ices 
was t,c:etcd extensively. The pot is shown in Figure 5. 

A fairly satisfactory method for scaling the charges 
in the pot. was developed. An Wgauge, flanged, sheet- 
metal diaphragm which fits tightly against, the walls 
of tlic: pal; was forcer-l down against, a cork gasket, 
$6 in. thick, which in turn rested on a :&-in. dcop 
bead rolled into t,hc: side of the oontuiner. After the: 
diaphragm was in plt~c:, it was secured hy means of H 
xct:ond bead, ?& in. d(:cp, rolled irnmcdiately above 
the flange of the diaphragm. A bettor oil seal between 
the diaphragm and pot was secured by replacing the 
flanged diaphragm with a flat, 011~: uncl then rolling a 

DYNAMITE FUSE, 

/ 
SMOKE PATH 

BASE CHARGE 

bead, similar to the lower bead, immediately above 
t,he diaphragm. As the bead was formed, a downward 
pressure was c:xcrtecl against the: diaphragm resulting 
in a positive: oil seal. 

The diaphragm shown in Figure 5 had a 3$$- i11. 
diamt:t,c:r 11ole in its ct:nt,cr. A flanged 3-in. tliarncle1 
x :$-in. deep zir1c primer cup was ~ltl~rc:d to t,he 
etlgc:s nf this hole. A zinc cover to confine the prime1 
and to prevent, rnoixtrrre from coming in contact with 
it was soltl~rc:d t#o t,lie flange of the primer cup. hdtli- 
tional fittings containing an electric squib wcrc at,- 
tached to the: lid of the primer cup. In operation, an 
electric currant was applied to the Fahnest,ock clips 
on the pot, VOVCI which set, off 1~11~ squib. The primc1 
was ignited by the squid, and, in t,urn, mcltrd the 
zinc c:up and its lit1 and ignited the transition mixture. 
The combllstion gases and oil vapors escaped through 
the hole in the diaphragm, blew off the tapes, which 
covcrcd the orifices, and then pnsscti out, into the 
atmosphere. 

Two 5-gal pot,s were packed in separate wooden 
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RlFms COVERED WITH TAPE Eou 
INC COVER 0.010” THICK 

PCN-TYPE ELECTRIC SOUIB 

ZINC PRIMER CUP 

BEAD TO SECURE DIAPHRAGM 

GA DIAPHRAGM WITH 6’ FLANGE 

EAD AS SEAT FOR GASKET 

-15 PRIMER 

GALLON STEEL PAIL 

RANSITION MIXTURE 

ALLY SPACED 

CHARGE 

boxes. Each box was subjcctcd to rough usage tests 
which included vibrat,ing on oath face for 20 min, 
followed by dropping on each face and on two 
diametrically opposite corners from a height, of 4 ft. 
The pots were then examined and found to be in 
excellent, condition. CInly a few minor dents wcrc 
not,ctf. Both pots functioned normally when burned. 

Terrqerutu~res in the Smoke Pot. The maximum 
tempcrat,ure of burning mixtures ranged from 51X) to 
1210 F. The maximum temperatures of smoke vapor 
ranged from 790 to 1.010 F. Almost without excep- 
tion, the chargcn in which the ratio of fuel to oil was 
greater than I exhihited the highest maximum 
temperatures. 

The oil of charges whose maximum temperature 
was considerably grcat,er than 800 F, evidently was 
cracked to a certain extent,. The smoke from t,hese 
charges was usually yellowish brown in color, thin, 
and lacking in persistency; whereas the smoke from 
charges whose maximum temperature was less than 
800 F was fairly white, denec, and per&cm,. 

Internul Pressure Measurments. The internal pres- 
sures of a number of 12-in. smoke pots wcrc measured. 
All tests were performed with pots which were 

equipped with multiple side orifices. During ono of 
the tests, the pressures at which the smoke particles 
produced a change in color of the sun’s disk were 
noted. These pressures were as follows: 

0 to 0.1 psi, blue sun’s disk (coarse particles); 
0.1 to 0.9 psi, permanganatc sun’s disk; 
0.9 to I .l psi, magenta sun’s disk (optimum par- 

ticle size) ; 

1.1+ psi, orange sun’s disk (tine particles). 

Note. This pressure, sun’s disk relationship, is valid 
only during the first, few minutes of the burning time. 
After this initial period, changes within the pot 
(temperatures, dcpt,h of residue, and so forth) and 
partial clogging of the orifices, produce entirely dif- 
ferent relut,ionships. For example, when the charge is 
practically consumed, the pressure might drop to 
0.5 psi, yet the color of the sun’s disk would be orange 
instead of pcrmanganate. 

Tmprovcmonts in mixing and packing procedure 
and in composition resulted in charges whose average 

pressure was 0.75 psi, and whose maximum pressure 
was around 2 psi. Pots equipped with y&in. orifices 
developed lower pressures than those wit,h Tic-in. 
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orifkos (of equivalent total cross-sectional area). This 
was because the larger orifices did not, become 
plugged with residue 4 rcadily as the smaller ones. 

Since pressures no greater t,lntn 2 pfii would bc 
generated try an oil-srnekc mixture which functioned 
satisfactorily, standard, lightweight shipping con- 
t,ainers, such as S-gal, 24-gauge, lug-cover, steel pails 
(used in the manufactjure of HC: floats), could he ern- 
ployed safely as oil-smoke pots. 

Privners. In general, the metJlrod of priming con- 

sistctl of placing the prirncr in a wax paper or zinc 
container irnhedded centrally in the surface of the 
filling mixture, and igniting it, by a black powder 
fuee or an electric tiquib. It was necessary to use an 
oil-proof container for the prirncr, as it wc-rrtld not, 
ignite when wet with oil. 

Twenty grams of primer were usually employed in 
G-in. pots, and from 75 to 100 grams in I l$i-in. ant1 
12-in. pots. The method of priming as finally do- 
velopod for the 354 pot is shown in Figure 6. 



Chapter 33 

EXHAUST SMOKE GENERATOR FOR AIRPLANE ENGINES 

By H. F 

33.1. INTHOL) II CTTON 

T HI+: IYMFIHILITY of using tllo wnr;ihle heat, of ex- 
haust, gases for the evaporation of oil for laying 

smoke was considered early in the war. In 1942, the 
DeVilbiss Company of Toledo, Ohio, undertlook the 
design of cshaufit-type smoke gcncrators for small 
naval (*raft. A background existted of previous use of 
the principle in KkyLwriting, in the tlisscnninntion of 
fumigat,ing clicrnicals, and (it, is said) by rum runners 
ofi tllc: LorG:ma coast, for screening purposes The 
early efforts of DcVilbiss resulted in the protlilction 
of prot,otype equipment for Hall-Scott, gasoline 
marine engines and Grcy tlicsel engines, both in the 
175- to 250-hp class. Tllc: gasoline engine gonorator 
was the more sat,isfactory; it vaporized abo111 1% lb 
of fog oil per hp-hour actual orrtprll,. A few setIs of t,his 
equipment, wrf: procured, hut its atlopt>ion was not 
general. 

An NDIK: contract, was later plwfxl with the Dc- 
Vilbiss (kmpariy for the developmr:nt, of large sta- 
tionary srnok(~ inst~:~~llst~ions for prolccting airfields 
ant1 carriers. The: c:ornplet8etl prototype unit,, in sta- 
tionary mounting on :b 550~hp Pratt ant1 Whit<ney 
Wasp, Jr., aircraft, ftngine, comparc:tl favorably in 
cffcctiveness of dispersal with the l&l oil smoke 
generat,or.l No field of uscf~llnc~ss was envisaged for 
the device, however, and tlhc last, formal demonstra- 
tion took place in November 1942. 

Early in 19,13, representatives of Nl111,C and the 
Dc?Vilt)iss (:ornpany conferred with the CWS Liaison 
CMcf:r at, Wright, Pield, and through liirn made ar- 
r:mgc:mrnt,x for :I, joint, Ah1 NDRC (DcVil bins) at- 
tempt, to tlcvclop exhaust smoke g~ncrating equip- 
mcnt for 111~ B-2B bornher. The trial installat,ion was 
fairly effective, and tlic plane was flown scvoral 
times at Wright IGeld, at; Edgowootl Arsenal, and lat,cr 
before the AAF Board at C)rlantlo, li‘lorida. Evapora- 
tion rates of about 0.4 gal pc:r lip-hour were obtained 
when diesel lubricating oil was dispersed. In Sep- 
tember 1943, the J3oarcl decided Lo equip six single- 
cnginc planes with exhaust generators. The R-26 was 
returned to standard, and was not uxctl for this pur- 
post, beyond that date. 

After a tlclay of several months, during which time 
the DcVilbiss Company ceased to be active as an 

NDK contractor, Division 10 attempted to renew 
the subject by means of a mcrnorandum to the Navy 
Coordinalor of I<,esearch and Development, giving a 
crit>ical &mate of the possibilities of the tlcvelop- 
ment. ‘l’llc: response was irnmc:tliat8e, and at a mcet,ing 
of the Navy Srnoke Committee, in January 1944, the 
Bureau of Acronaut>ics was directctl to equip three 
SB2A or SB2C aircraft with smoke gcnerntors, with 
assistance from Division 1.0. For this purpose, the 
Naval Aircraft Factory at the Phil&lphia Navy 
Y art1 undertook thr design and construcl,ion of six 
gcncrstors incorporating ihe T3 2(j expcricnc~c?. The: 
lmils c:on&ed of large cylindrical tanks inl o which 
the: oil was injectted through spray nozzlrs concurrent, 
wit,11 t,lie exhaust3 gases. Tlio contact tirnch was pre- 
sumed to 1~: sufhcient to evaporate completely the 
droplets of oil. Two of these lmits were completed at, 
NAF md inrrblled on an SB2A. The plano was 
tested at the Amphibious Training Base, Fort 
Pierce, Florida, in June 1944. Thr: smoke production 
compared favorably with that of the B-26, but the: 
aerodynamic cliarat:lerist,ics of the plant! were ad- 
versely affected and mechanical failrIm of the units 
occurred. 

In the meantime, tllc: Munitions Dcvclopment 
Lut)orat,ory [MDT,] at the University of Illinois had 
bron rcqucst~ctl to analyze the cntirc? smoke produc- 
tion process wit,h a view to submit,ting an improvctl 
find design, Gnc:c: t,he earlier enginee&g had bcarl 

on a strictly empirical basis. After the SB2A t,ests, 
MD11 proposed a new design incorporating the Ven- 
turi atomization principle described in Chapter 29, 
and drastically reducing the diameter of the genera- 
tor. Two of these genc:r&rs were built, under MDI, 
direction by the Solar Aircraft Company of San 
Diego, California, between *July 10 and July 17, 1944. 
Thcsc? were installed on a TBM-IC plane at NAS, 
Patuxent, the following week, and t)llc equipment was 
demonslratctl at, Fort Pierce on July 28. The pcr- 
formance and the furt,ller design modific:at,ions of this 
equipment will be dcscri bed. 

33.2 ‘I‘ti K0RETICAL CONSJDERATIONS 

It has been shown that tho masimum obscuration 
is obtained with an oil screening smoke when the 
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droplets m-f: between 0.4 and 0.X micron diamcler. 
Since t,here is no practical means of subdividing a 
liquid into such small drops, it, is necessary that the 
droplets bc formed hy condenxaldon. The t,heory of 
oil smokes has bc:c~n discussed in Chaptc?r 27. Tt, has 
been shown that, the size of the droplets, which dc- 
t,ermincs the amount of scattering of the light, in the 
smoke cloud, depends, in part, on t,he rate of cooling 
of the saturated vapors. 3, 4 For practical reasons a 
spectrum of drop sizes is always obtained, and it, is 
necessary only to chill the: mixture of oil vapor and 
inert gases by omission into the cold air in o&r to 
obtain a screening smoke. The capa&y of the smoke 
generator, thcrcfore, is determined by the amount of 
hcat available for evaporating ttic oil and by the size 
of the equipment used to effect, the required heat 
transfer from the gases. 

33.2.1 Evaporation Capacity of 
Exhaust Gafics 

The amount of oil that can he evaporated per 
pound of exhaust) gas is determined by the ini& 
temperature of the: gas, the vapor pressure of t#he oil, 
and the specific and latent h&s of the oil. The tem- 
perature of the mixture of oil vapor and exhaust gases 
that results, when the maximum amount of oil is 
evaporated, is called the equilib~immn, satwntion, 
tempernture. 
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Tlic: equilibrium suluration t>cniporat,ure and com- 
position may be calculated from heat and material 
balances on the saturated gases. Either a graphical or 
trial-and-error calculation is necessary. The former is 
illustrated in E’igurc 1. The tmnpcrature and cor- 
responding oil content of the saturated vapors arc 
determined by the intersection of two curves, (I) a 

vapor comy)osition-t,c?my,creture curve showing the 
pounds of oil per pound of exhaust gases at satura- 
tion, and (2) a curve showing the temperature of the 
gas-oil vapor mixture: as a function of the amount of 
oil evaporated per pound of gas. The: latter curve 
depends, of course:, on the initi&l tc~mpersture of the? 
exhaust gases, \zhoreas the forrnc:r is independent, of 
the> initial temperat,rlre. It is evident, from the shape 
of the curves that, the: initial gas temperature does not, 
greatly affect, the equilibrium tiatnration temperature:, 
but a slight, imrease in the Iatticr may greatly incrcast: 
the amount, of oil evaporatc~d pc:r pound of exhaust; 
gases. Jdikewisc, for any given initial temperature, the: 
use of :i slightly more volatile: oil will lower the: oqui- 
librium saturation temperature somewhat, and will 
innrcnse the amount, of oil vapor present, at cquilib- 
rium. Both of these points have a significant, bearing 
on the present problem. 

The saturation vapor concentration curve for the 
mixture of oil vapor und exhaust, gases is determined 
from the vapor pressure of t,hc: oil by applying Dal- 
t,on’s law. ‘l’hc vapor pressure data for Diol 40 and 
Diol 55 wor(! obtained from curves prepared by the 
titan&& CM Development C~rnpany.~ The average 
molecular weights for those: oils are 320 and 385, rc- 
spnctively. The latter cormsponds to Navy Fog Oil 
No. 1. (also known in the Army as SGF No. I ). .Diol 
40 is u light cr, more volatile fog oil which corresponds 
to Navy Sy~nbol 2075, which was recommended for 
use under cold weather conditions. 

The weight, of oil per pound of exhaust gases WI is 
given by the cqualion 

w, = 2 . m .-- 
v 760 - p, 

whcrc M, is the molecular weight of the oil; 
A4, is the molecular weight of the gas (- 25.6) ; 
pn is the satur:.rtion vapor pressure of t,lic oil 

in mm mcrcurv ., f 

The following values were computctl. 

Tempernture PO lnrn HE WI lb oil/h gas 
0 1 F LX01 40 .I)iol 5.5 TX01 40 Did 55 

550 14 5 0.235 0.088 
600 40 20 o.txJ4 0.360 
MO 100 16 1.90 0.835 

The calculation of the heat, balance for the mixture 
of oil vapor and gases requiron a knowledge of the 
specific heat of the gases AII~ of thr: oil, and the 
onthalpy of vaporization as :L function of tcmpcrature. 
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The composition of the: exhaust gases for ttn air-fuel 
ratio of 0.101 is as follows: 

co, Ic.SG~j& 
IT, 8.1 I 
co 13.50 
CH, 0.20 

Nr: t3.30 
H&1 9.91 

The mean specific heat of the exhaust, gases was 
c:alculatcd from the mean specific heats of the 
c:omponcnt,n. ‘1’11~ c~nthalpy of the liquid oil and the: 
c:nt,hulpy of vaporization are given by the equations: 6 

hi = 1 (0.38Xt + 0.0002251” - 12.M), (2) 
P 

It& = a (I 10.9 - 0.091), (3) 

\\,licrc hlD = cntha.lpy of vaporization; 
hf = enthalpy of liquid oil in T3tu per pound 

(h = 0 at 32 F): 
p = specific gravity of oil at, 60 14’; 
1 = te,mperature in degrees 14’. 

The hcut baluncc on the basis of I lb of gas is given 
1)~ the following cquution: 

w2 C(h - ho) + hs,l = h’1*11,1 - IL; (4) 

where h’ is the enthalpy of the gas sbovc 32 F. 
The calculations show that for an initial gas tem- 

peraturc of 1400 li’ and with Diol 55, the equilibrium 
saturation temperature is 630 F at which 0.61 lb of 
oil par lb of gas would be evaporated. This would 
roquirt? the transfer of 240 Btu per lb of gas. For the 
TBM-1 plu~w the maximum evaporation capacity is 
1,070 gal of oil par hr, or a heat, transfer of 3,168,000 
T3tu per hr, for the cngint: operating at, 2,400 rpm and 
jJ2 in. manifold pressure. Wliilc complete cquili brium 
saturation cannot bc rcachcd, it is desirable to ap- 
proach this condition as closely as possible in ortlcr to 
get the maximum capacity from the smoke generator. 

x3.2.2 Atorrlixation and Rate of Heat 
Transfer 

The most, rapid transfer of heat from the gas to the 
oil is obtained when the largest amount of surface is 
:~vuilable for the transfer, and when there is an inti- 
mate mixture: of the oil and the hot gases. In order to 
make the evaporator as small as possible and to re- 
duce the time of contact between the oil and gases to 
avoid decomposition or cracking, it is desirable to 

atomize: the fog oil into the smallest, droplets posniblc 
as it, comes into contact, with the gases. 

As shown in Chapter 29, a convenient way for 
atomizing liquids int,o extremely small droplets by 
means of a low-pressure gas stream, is by injecting 
the liquid into a gas moving at high velocity through 
tt Venturi throat. In this way, it is possible to at,omizc 
oil into droplct,s uniformly b&w IO0 microns diamc- 
tcr and having an area of over C;,OOO sq ft, per gal. 
The condit,ionx prevailing in the: exhaust, gases from 
an internal combrlstion cnginc arc itlcal for this type 
of atomization, especially since intimate contact, and 
uniform dispersion of the droplct,s in the gas are 
desirable for the evaporation. 

jxj lNSTALT,ATTON OF VISNTURI UNIT ON 
THM PLANE 5 

installation of t,he exhaust, smoke generator was 
made first on two Grumman Avenger airplanes, types 
TBM-1C and TEN-X:. Thcsc plants differ only in 
the size of the engine usc!d. The former has a Wright 
R2BOC8 cnginr:, with a normal rating of 1,500 hp 
when operating at 2,400 rpm and 39 in. mercury abso- 
lute manifold pressure [MAP]. The TRM-SC: plane 
uses a Wright, R2BOO-20 engine with a normal rating 
of 1,800 hp at 2,600 rpm xnd 47 in. MAP. The greater 
power and higher speed of this engine rcprcscntn a11 

increase of about, lOUhj in the gasolinr consumption 
and in t,hc volume of exhaust gases over that of the 
RZGOO-8 engine under the conditions used during 
smoke generation. This, of course, provides a greater 
capacity for laying smoke. Eoth of these engines have 
14 cylinders, witi split exhaust, collector rings, so 
that, seven cylinders tlisc~hargc: the exhaust, gases to 
ports on either side of the engine: naccllo. 

The design of the TBM-type airplane is quite suit- 
‘able for adaptation of the exhaust smoke generator. 
The: Vonturi nt,omizer and a length of stack, sufficient 
to provide the nccossary contact for evaporation of 

the oil, can be attached under the wing to the fuselage 
of the piano. Space is available between the fuselage 
and the landing gear wells for a stack about, 8 in. in 
diumctcr. The: length of the generator, however, is 
limited by the landing flaps to about, 12 ft. III order 
to provide a contact tirnc of approximately 0.05 see, 
which was cstimatod to be the timt? rcquircd to 
supply the heat to evaporate the largest droplets, the 
size of the stacks was cl~oscm ax 636 in. OD. This was 
a convenient diameter bccausr: it, was the same as 
that of the original exhaust, port on the cnginc. 
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33.3.1 &sign of Venturi Seclion 

The Venturi sections were tlnnignctl in accordance 
wit,11 standard practice, with 30” convergent and 7” 
divergent sections. The t,hro:tt diameter was found 
by calculation of the arca to give the acoust>ic veloc:itly 
of the exhaust gasce when the engine was o~)nrating 
under takeoff power, assuming an allownl~lc back- 
pressure of G t,o 8 in. mercury under tlic~ conditions. 

Figure 2 shows the air and fuel consumption for 
R2600 8 engines. From thesc W~VPS the amount of 
exhaust gas for any engine sc:t,ting can be estimated. 
Assuming that the exhaust, gas is equally divided 
between the two port>s, it was estim:~t~c:tl that a,t 
maximum power the: flow of gas to each generator is 

approximately 6,600 lb per hr and t)hat the tempera- 
turc of the g:rx rtt, the collector ring was 1400 F. 
Under these conditions, the pcrfcct gas laws may 1~~ 
applied, so that the acoust,ic: velocity is givcbn by the 

ec@ion 

(5) 

where L = ratio of the specific h&s, CY,/C,, 13 
qC = dimensional constant,, 32.2 (lb mans) (It) 

per (lb force) (sCC)~ 
R = gas constant, 1,544 ft; lb per (lb rnole) (de- 

grees R) 
M, = molecular weight, ol the gas, 25.6 
T1 = absolute tempcrxt,ure at the t,hroat 

Assuming first that the flow of gases in the Venturi 
throat is frict,ionless and adiaMic, the relationship 

bct,wc:c:n the throat, lmq3erature and the temperature 
in the: collector ring ifi given by the formula: 

((9 

The subscript 1 refers t,o the conditions in the ex- 
haust, manifold. At the acorlstic velocity 

(:;i) = (&y’(* -‘) = 0.53ci. (7) 

Tlll~S 
,,, (k-l)!k 

(-> 1’1 
= 0.84X. 

V, = d( I .%)$2.2) (ti3.1) (1 MN) (0.848) 

= 2,085 ft~/sc:l:. 

The npccific volume of the: gus at the throat is 

likcwisc related t>o the upstream pressum by tjhe 

adiabatic formula: 

2.14 x II)” 

Pl 
cu in./lb. 

Tlif~ rcqllired area of ttic t,hroat is tbcn 

G,BOO 2.14 X IO6 
Al =3,(‘oox 

IXX . 
= “‘1 111. (9) 1 2 085 * 

I 
1’ 1 x 

A Venturi with a throat diameter of 3.34 in. cor- 
rosponcling to an arc::~ of 8.7 sq in. and a pressure of 
21.7 psia was chosr:n for convenience in manufacture. 
The maximum back pressure on the exhaust, mani- 
fold during takeoff was not, c:xpc?ct,c~tl to exceed 7 lb 
above atmospheric pressure: at SW 1~~1, when no oil 

was being injected into the Venturi throat. Injection 
of oil into the Venturi throat would tend to increase 
the back pressure:, but since this would not, occur 
when the engino was operating under takeoff power 
the actual back pressure should never bo as great as 
t)liat calculated for lhc acoustic velocity. 

33 .3 .2 Srrmke Generators 

The gcncrators were constructed of stainless steel 
and consistJcd of an adapting elbow, a ball joint,” a 
Venturi throat, two lengths of #&-in. OD tubing, 
,I ft long, and a 45” elbow at t,hr: end. The entire 
equiprncnt was const,ructod by the Solar Aircraft, 





312 KXIIAUST SMOKE GENERATOR FOR AIRPLANE ENGINHS 

tz z 
9 
pw 600 

3 
l- 

P 
p 400 
M 

200 

0 

1 

- 
30 40 50 60 70 80 60 

OIL FLOW IN ~6 Pm MIN (STARBOARD SIDE ONLY) 

0.7 

0.6 

2 il 
0.5 

!i 
E 
p" 

0.4 : 

9 

5 
0.3 z 

F 

5 
x 

0.2 o 
x 

3 

0.1 

0 

FIG~JRE 4. Rmokc generator perfornxtnce; oil flow, Hmoke tempernture chnrrtct,eri&c. 

33.3 .a ‘Performance 01 Equipment 
A project was established by the Bureau of Aero- 

nautics at the Tactical Test Unit, Patuxent River 
Naval Air Station, to determine the operating condi- 
tions of the equipment which gave the best smoke 
production, t,o evaluate the tactical usefulness of the 
Venturi smoke gcnorator, and to determine the effect 
of the installation on the flight c:haract,erist,ics of the 
airplane. Personnel of the NDRC Munitions DC- 
velopment Laboratory participated in all of the t,ests 
and assisted in making modification of the cquipmcnt 
when necessary.“, 0 

EVAPORATION CAPACITY 

The capacity of the units for evaporating fog oil, as 
affcctcd by various operating conditJions, was de- 
termined by measuring the tcmpcraturc of t,hc cx- 
haust gas-vapor mixture and by nbscrving the wot- 
ness of the smoke as the oil flow wan increased. If the 
evaporation of the oil was not complctc bccausc of 
insufficient time or area of contact, the gas tempera- 
tures for any given rate of oil flow would be higher 
than those calculated from the heat balance. Such 
temperature curves, supplemented by observation of 

the wetness of the smoko (dct,ermined by waving 
glass slides to determine if large droplets remain un- 
evaporated), indicated the efficiency of the oquip- 
ment and served as a basis of the comparison between 
operating variables. 

Tests were run with the two fog oils, Diol 40 and 
Diol 55, and with two types of nozzles, the Todd 
~lozzlcs thcrihed in the preceding section, and a 
nozzle dcsigncd b.y the Naval Aircraft Factory. The 
performance of the installations on the two TBM 
planes was also nomparcd. 

The temperature curves for the starboard gencr- 
utors are shown in Figure 4. It is evident that for the 
same operating conditions for the engine on the 
TBM-1 plane, the Todd nozzles and the Venturi give 
lower temperatures than the NAF nozzlce. The use 
of t,he Todd nozzles without the Venturi, i.e., inject- 
ing the oil into a low-velocity gas stream, gives much 
higher t,omperatures. These results are interpreted as 
indicating that a combination of the Todd nozzles 
and the Venturi gives the best atomization of the oil, 
resulting in the most nearly complete evaporation in 
the timo and contact available in the exhaust stack. 
The dotted curve in Figure 4 shows the theoretical 
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tempomture when Dial 55 is injet:tJcd into gases at 
1.188 F. It is evident t,hat the actual temperature 
Curve obtained when the Todd nozzles were \Isecl in 
the Venturi approached very closely to the! ideal, 
thus indicating thr? high cficiency of the! evnporstion. 
The curve at the bottom of Figure 4 shows the nalcu- 
lated oil vapor cont,ent of the gas as a frmction of the 
rate of oil flow for ideal transfer. Thy? sharp maximum 
at t,he equilibrium saturation is of interest since it 
indicates a decided decrease in smoke efficiency if too 
much oil is pumped. The lower temperature! obtnined 
with Dial 40, as compared wit,h Diol 55, is consist,ont, 
with that expected when using a more volatile oil. 
The higher tcmperaturets obtained on the TRM-3C 
plan<:, as compared with those on the TBM-1C: plant!, 
are caus(~l by thn higher initial t,emperstures of the 
exhaust gases, and indicate the greater evaporation 
capacity of the gcncrator on t,his plane. 

It was noncludcd from these tests that approxi- 
mately 54 lb per rnin of Dial 55 could bo evaporated 
in oath generator 011 t,he TBM--1.C plane, correspond- 
ing to a total capacity of approximately 840 gal per hr 
when the engine is operated at 2,400 rpm and 42 in. 
manifold absolute prossure. About I OC$) more Dial 4.0 
could be cvaporatptf under t,he same engine con&- 
tions. Yor the: TBM-3C plane, the corresponding 
figwcs were A7 lb, or 1,050 gal per hr. These represent 
an evaporation eficiency of approximately 85’3, of 
the (bc:oreticel, and indicate the extremely high rate 
of heat, transfer in this type of cquipmcnt. 

EP’WCT ob’ EQUIPMKNT ON PRXFORMANCT OF ENGINE 
AND AIRPLAN r; 

1$&t tests w(‘re m~ttlc t80 determine the drag 
created by t>he installation of the: equipment, on t>he 
plane. Thr results indicated that, at, full speed under 
milit,nry power, the reduction in speed due t,o t,he 
drag was from 3 tr, 5 knots. The installation had 110 
noticeable effect o11 t,he stuhility of the plane or on 
the st,alling speed, nor did it, affect the c:c:nter of 
gravity of the plane. The? back pressure on the engine 
under normal operating conditions, when the gcriera- 
t>or was not, in IIS{!, was loss than I psi. When the oil 
was being injPc:ted into the Vent,uri throat, however, 
t,he back- pressurt: increased tJo about 5 psi (9 in. 
mercury). This caused no notiacahle effect, on t,he 
engine operation and performnncc, liowevcr, and ap- 
parently did not decrease the powar out8pul seriously 
or cause overheating or damagr to t>he engine. Aft,er 
55.G hr of flight with t>he equipment on the TT(MSC 
plane, t)he engine was overhsuled end examined nntl 

no cxoessivc wear was found. Excepling the periodic: 
cleaning of the noselcs which was nccossary because 
of the collection of carbon aftor every few hours of 
operation, there was no failure or datnage to any part) 
of the smoke generating equipment. 

Visual evaluation of the smoke screnns from the 
exhaust, generator equipment was madc in the course 
of tactical tests carried out with the Amphibious Re- 
soarch and Development, Group at Fort Pierce, 
Florida. The observations were made by flying the 
planes between an amp~~ibious vessel on which the 
observers were stationed and a landing craft LCM, 
which was stationed about 150 yd away. The smoke 
screens were laid with the planes flying into the wind 
and at, an altit,ude of li0 to 75 ft. The screens were 
evaluut,ed as to their density, uniformity, rapidity of 
contact with the water burfacc, persistence, length of 
time of obscurnt,ion, and the completeness with which 
the oil was evaporated. 

Tt was concluded from these tests that, the cquip- 
mcnt was tactic*ally s&able for the formation of 
smoke screens when usc?tl on a TRM-3 plane, pro- 
vided t,ho air was t,hermally stable ancl the wind not, 
over 15 knots. Under t#hcae conditJionv the planes 
could be flown at 200 knots with flaps up and with 
the engine sot, at military power C2,600 rpm, 44.5 in. 
manifold absolute pressurt:). It was recommendecl 
that fog oil No. 1 be nsed whc:n the oil tempc?ratJurc:n 
were above GO 1’ and that tdle light,er oil, Nav,v 
Symbol 2075, should 1)~ used bdow A0 l! aud above 
5 I”. 

In amphibious operalions from ship t,o shorr, this 
equipment, was satisfactory for laying frontal st:rcens 
under all wind conditions, except when there was an 
off-shore wind above 15 knot8s or a wind above 20 
knots from any ot,her dir&ion. An example of the 
proposed use of the cquipmcnt, for this type of opera- 
tion is shown in Figure? 5. Under calm conditions, :t 
single plane could 1a.y a satisfactory smoke screen 
which persisted for 3 to 4 min, but under less fnvor- 
able conditions, it, was necessary t,o reinforce thr 
screen at, much shortrr intervals or, c>ven betlcr, to 
have anot,her plane follo\v t,he Icad phc: 80 as t>o lag 
a tlonser srnoke screen. 

011 the basis of the t,est,s made by the Tactical Test) 
Unit, the cquipmcnt for 12 pianos was produced and 
sent, to the Pacific I’leet for further evttlnation. Tlif~ 
unil,s were installctl on ‘IX&l-3C planes at Pc:lrl 
Harbor NAS and t>est,s were madr: for comparison 
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l)f?tween the: oil exh~mst smokf: generdor and t,lif: 

standard TiS smoke tank. (.~onsideration was given to 
the vulnnrability of the plant: laying the: smoke screen 
over enemy positions, t,he nurnbcr of pl:mc!s required, 
the training of the WWV, the ship stowage, t,hc air- 
plane installation and maintenance, n,nd ihe relinbil- 
ity of the eflllipment. 

It, was conclufLx~ from Ilifwe tests ht the tlcnsity 
of the smoke sf:rf’en from the exhaust, generat,or wus 

not, suticient 1;~) compet,c with the smoke from t,he FS 
Iank, in spite t>f the longor emissifnl time t~nfl t!he atl- 
vantages of lianflling a noncorrosivt: material. For 
satisfactory smoke screens under thr: nt,mospheric 
conditions likely to prevail, it, was felt, t,hat three of 
the oil smoke plants would bc required, and these 
would have to fly at a low elovation with flaps down 
in order to get, the ohcuratiorl desired. This, of 
courtie, increasctl the vulnerabilit,y of the planes to a 
point, where it, was no longer practical to use lhe 
aquipmen 1. It, was recommended that, thr cquipmont, 
bc improved to increase the evaporation capacity so 
its to put oul a denser sf:reen, anti also that, it, bc 
simplified in installation so t,hat it could be utt,ached 
to an &plane on board a combat carrier in 1~s than 
one hour. 

33.3.5 Mcthnds of Increasing Smoke 
output 

Cons&ration had already been given t#o possible 
met~hods of increasing the output of the exhaust 
smoke gf!nf:r:hor so BS t>o secure denser smoke screens. 
It was realized t,hat the lirnitat#ion to the capacity of 
the generator \ws t,he amount of heat available from 
the exhaust gases. Thrc~ ways of overcoming this 
were suggested. 

I.. 7.;~ of more vdatile fey oil. Although this should 
lower the equilibrium saturat,ion tempf~rature xntl in- 
crease the rate of output, it had ibc disadvantage 
that the smoke ww less persistent in hot wt:at,her, 
since a Inrger amount, of oil would bf: required t,o 
sal;urat,e the air in the screen. No great advunt>age was 
found in using lIiol40 rat,her than 1301 55 in the tests 
at Fort, Fierce. However, if an organic compound 
with a higher hnperahrf: coeflkicnt, of the vapor 
pressure were available, it might be more suitable 
than the llydrfxarbon oils. 

possibilities and f:xliaust proheaters were ol)t,ained 
for one plant. Tt can I)(: seen florn equations (2) and 
(3) that, if 111~: equilibrium satIuration ternpc!raturc is 
800 F’ witIll exhaust, gases tl,t 1400 F, nearly %I(~, of 
t,he heat reyuirctl to evaporate Dial 55 from 70 F 
goes t,o raising Lhf: temperature of t#hf: oil, while the 
ot,her 20°/0 is used for the latent heat of ovaporution. 
Consequently, if it WCI’C possihlc to prellrat, the oil to 
400 F, which is jusl twlow the flash point, ncurly 
twice as much oil could be cvaporatcd from the heut 
availablr: in t,he exhaust gusts. This method was 
abandoned when it nppoared that it, would complicate 
tlw equipment too much, and when t,he results on the 
tliirfl method gave assurance oi’ 811f:cess. 

3. Irruease th,e heat content of th.e exhaust gases. 
Sevfd methofls were considered by which, with 
reason:& adaptation to the limitations of tho tail 
pipe, this might be af:complislifrd. 

a. Burning the combustible constituents of the 
cshaust in the tail pipe. 

b. Burning a mixture of fuel and air in an ex- 
ternal heater and combining the resulting 
gasrs wit>h the exhaust gas in the tail pipe. 

c. Burning gasoline vapors lad from the super- 
charger into the tail pipe. 

The first method is the desirublc one, since the 
gases }bre already available for combustion in large 
enough quantities to supply the necessary heat. 
Furthermore, the high gas temperatures and sea love1 
pressirrfz are faf:tors favorddo to good combustion. 
For an engine operating under military power at, a 
fuf~l-air rut,io of 0.10, the combustion effif:icncy is ap- 
proximately fiO~~j. With tlic R2ROO-20 engine this 
means that about, I 1,500,OOO Btu par hr additional 
heat would be available, as compared to the R,500,000 
Btu pc:r hr availahlr? before combustion. 

The encouraging aspects of burning t,he exhaust 
gases, although not, entirely free of difficulties, ap- 
pearcd t,o justify an invextigation. Accordingly, the 
Solar Aircraft Company of San Diego, California, 
was engugcfl on a NYTtC contract to develop the 
prototype unit. 

33.4. I Theore tical Considerations 

Thf: composition of exhaust gasf?s from internal 
combustion engines burning gasoline fuels depends on 
the fuel-air ratio.l’, ‘2 The nvcrage composition is 
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shown in Figure 6. The specific hcut was cakulated 
from the average specific heat and the wcightj propor- 
tions of the const,ituent,s. It was assumed t,hat 9S(:%, 
of the combustibles could be burned with no excess 
ajr. For the lW500-20 engine opc:rating under mili- 
tary power, the following quantities wcrc cstimst4 
for 100% combustion efficiency. 

IrAid cxhnust, t~ernpt~n,ture 1400 E’ 
Initial exhaust, flow 15,ciOO lh per hl 
Heat in cxhnust, fi.61 x 108 13t,u per hIa 
I ht from cc.brnhustioll 11 .I31 X 10” Htu per hr 
Total heat, nvaild~lc 18.12 X IO6 Ht,n per ht’ 
Smoke tIcmpernturc 700 F 
Oil cvn,poration 70 gpm 

The primary probl(:m in t,h(: tlcvelopmt:nt of the 
unit was to accomplish good combuxt~ion in the short- 
cut possible tlistJancn, fiince only a limited length df 
tail pipe could be provided t)o evaporate the fog oil 
after’ the combustion process was c:ornpletc:tl. The fac- 
tors contribut~ing to the efFicionc:y of the combustion 
wjt>hin a short, Rpac:e are: mode&e gas velocitks, 
high init,ial gas tcmperaturcs, high static pressIIIp, 
turbr tlence for rapid mixing, and good flame propaga- 
tion. Sincf? it, is necesnary to intJrotluce thf? air for 
combustion by mt?ans of the ram affect,, it, was feared 
that, the combustion offkiency rnight be affected by 
1,he attJitutlc of the plane in flight,, and that a diving 
attitude might, disrupt, the combustion or destroy the 
flame propagation if too high an air flow WM(: pro- 
vided. Another consideration, which sul~srquently 
provc:tl lo be unfounded, was the danger of burning 
of the oil during combustion of the gas(:s, thus using 

I 
1000 1200 1400 I600 1800 2000 

ENGINE BRAKE HORSEPOWER 

up tht: excess air. Previous experience with burning 
exhaust, gas had indicated the difi.culty in maintain- 
ing proper combustion wit,hin a small restricted area 
because of the unstJabl(: flame propagation and high 
ignition t<emporature of the hydrogen and methanol. 
If sufficient air is mixed with exhaust gases at 1.400 F 
to oxidize the: aombust,il)los, the gases in general will 
not ignite spontaneously since tht?y arc cooled below 
the ignition tempt:rature. Tn ordc:r Ijo assure dcpencl- 
able 0pc:ration it, was decidetl to use a pilot flame in :L 
vapor-burning chamber. For this purposes, gssolino 
vapor &s led from the supercharger WLSC into a 
plenum chamber. 

The calnuluted quantity of secondary air required 
for combustion is shown in Figure 7. 

33.4.2 lhveloprnent of Exhaust Corn- 
hustion Units 

The initial development of the: c:ombustion genera- 
tor was carried out in an cqine test cc:11 in which 



DEVELOPMENT UP EXHAUST COMRUSTION SMOKE GENERATOR 5 1.7 

THERMOCOUPLE 

EXHAUSTGASPRESSIJRE 

ORSAT TAP AND THERMOCOUPLE 
INITIAL EXH TEMP 

;$M&SPRAY NOZZLE INSTALLATION 

THERMOCOUPLE 

ITOT-AIR INTAKE 

the units were operatd with LL Wright K2GOO -8 en- and the c:xhnust heat was incrcawtl by a rutio of I.38. 
gine. This engine is c:wentially the s:tmc? as the Figure 9B incorpor:tl,c:d such modified fc:tt,urw as an 
1<.2fNO-20 OII the TBM-SC, except, that tlw military oslwmst noz5lo to assist, in the injwtion ,zntl rnixing 01 
power rsting is 100 11p less. The test installation, combustion air, slic~rt.c:ning of tlw comb1lstion space of 
which is shown in Fig\lrc! 8, consisted of an whaust t8he pilot burner, and cnlsrging the tail pipe tli:bmet,er 
duct, leatlin~ from t11c: right-hunt1 collector ring t,o from Cip:G to 7:r)W in. TIN: tests on the first nnit had 
which was st,t:~died the combustion unit, and :b tail sllown that 1~1~: gas velocity in thr t:d pipe ws too 
pip0 ccrmparddc to that usc:tl on the :lirplnne. Sword- high for comph:t,c! comlmstion within a short Icngth. 
ary :Lir for coml)list8ion was furnished from a ~doww. Tlw kwger burner gave :m cshawt, tcmperaturc: in 
Air flow mef~s~uwnent~s w:rc t&en with n cnlilw~tntl extws of 2000 F :md an incrwse in tllc: heat cont,c:nt, 
Ventrlri, and the: air flow was rwntrollcti with a hut,- of the gasw by Iha ratio of 2.4. The flnmc front, hocv- 
tIerfly-type valve. In most, cuws, high t(:mperaturc ever, w~as observed to he too close to tllc oxhaaust, 
measurements ww: made with cyu,zdruplt:-~;hieldecl nozzle csufiing the innw surfact: of the plenum cliarn- 
tliermonouples and pot~ent,ioInc:t,er. Tcmpc:rntSurcs ber to ovwhent to such an extent, t,hnt the fuel vapor 
were taken of the initial exhard gas upat~rc!:l,m of the was ignild \vitliin t1113 plenum chamber. Figure I)(.: 
burner unit, at, the point, where the oil is spn~yc:tl into represents an attempt to overcorm: t>his clificulty by 
t,he tail pipe! after coml)ldion, and ::Lt< the end of the diminating tlif? holes in the air sliroid and extnnding 
ltd pipe wli(:r(: the exliitwl gas is cjwtod into the the c:xhaust nozzle. With this arrangcmcnt, tlic heat 
:tLrnosplxrr. Sinw the grtsw were ollr:n in excess of ra8tio was brought, up to 2.G and tlio find esli:~ust 
2200 P‘? and somt:l,imes of a highly redlwing or osi- ternpcwture to. :Lt)out, 2200 li‘. Tn this iinit, ignition 
clizing wture, the 18cmperatrlrc: measuwmwts did was obtained from :L spnrk plu g, which p~)ved to 1~: 
not> havt: :t high degree of nccwwy. The instdlstion 
in the td di provitlctl an nccurnk mensrwrnc?rit, ol 

more relid)l(~ than :t gas ,jet, rs(c:ncling into t>he pilot 
hurrier. 

t>he air :mtl fuel consumption from which cshaust P’igurc 91) represcnbs a furtlicr imprownient in 
flow clat:t were 0bt:tind. prwenting overheating of the ph:num chamber by 

Several diffwt?nt, designs of t,he ctdmst~ion unit, attwhing a srndl collrtr to reduce the tli:lmetcr of the 
ww: built, in ortlw to implove the cficiency :~ntl air noaslc. This fwdure ld the effect of reducing the 
st:r.l)ility of tlw combustion process. Typical of 41 static pressure on the pilot, flame wl~ich assisted in 
dosignc; was the: int,roduction of t,he sccontlary air in relieving the blocking effect, on the flrtmc?. This burner 
s11c1i :A manner as to cool t)hc wpor plenum chambri gave a 6:mperat,urc in escess of 2200 I! and a heat 
and prevcat overheating of the intclr-air nod:. These ratio of itholIt, 2. (i. Combustion ww quite smooth f01 
are slinmn in b’igurw 9A, H, C, D, :d IC. normal air flows but,, wit8h high rates of wcondary 

Ngrlrc: 9R shows the: first, comlwtst8ion unit,. 111 this air, violent, interniitJtcnt explosions occirrred in tlic 

design, the c;econd:tr.y air passqq~s were too small to t,ail pipe. Figure 9E rnpresent,s an attempt, to redwx: 

introduce: suficien t air to support, complete wmhus- the back pressures of the combustion gcnorat,or by 
tion. The gas tJemperaturc: wns approximately 1X00 11‘ mc:ans of a tliffuser shroud. It was twlieved that, some 
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LINE FROM SUPERCHARGER CASE 

p VAPOR coNTR;;~mB”sT,oN A,R 

I \ VAPOR ORIFICES 

L \VAPOR PLENUM CHAMBER 
EXHAUST GAS FROM ENGINE 

A GENERATOR TAILPIPE CONNECTION- 

PILOT BURNER 

UST 
s 

PILOT BURNER 

PILOT BURNER 

AIR ~OMBUSTlON 

T- 
COMBUSTION AIR 

EXHAUST GAS 

LPILOt BURNER 
NOZZLE 

PILOT BURNER 

E’rcu~rn 9. (A) First, experi tncntsl cornbuslion gcnerutor utilizing supcrchnrger fucl/rtir vapor” to stabilize con~buxt~ion. 
(B) Experitncntal exhauxl hurrier. (C) F,xhaust burner with extended exhauxtI nozzle and large diamet,er air nozzle. 
(11) Exhaust burner with air no~zlo reduced in dis,nAer. (I+:) Exhaust burner wit,h short exhaust, nozzle and rnodificd 
n,ir nozzle kng diffuser out.let. (F) Exhaust, burner w its11 nlixer in cxhnust nozzle. 

pressure might be recovered without interfering with Figure 9F represents the final design of’ the com- 
t,he combustion process. Tests proved, however, that bustion unit, which was used as the prototype for the 
t,his was not the case as the heat ratio dropped to installations later made on t,hc airplane. In this de- 
below 2.1. It appeared that, the turbulence was ma- sign, the hollow strcamlinocl section wax incorporated 
terially affected, resulting in paor mixing of t,he in the exhaust nozzle through which bolos were 
secondary air. drilled in the nrca 01 negative pressure. Air cntraincd 
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7 

CONTROL PANEL PILOTS COMPARTMENT CONTROL PANEL PILOTS COMPARTMENT 

RH GENERATOR 
AFT PUMP 

CLOSED CLOSED 24 v 24 v 

- 42.000 - 42.000 

PRESSURE SWITCH-SET FOR OPEN 
CIRCUIT BELOW 6” Ht DIFFERENTIAL 
PRESSURE WITH ANPHENOL CONNECTION 

t,hrough the: holes assured rapid diffusion into the 
center of t#ho exhaust jet. There was evidence that this 
materially assisted in the combustion processes. The 
heat ratio was increased to between 2.6 and 2.7 and 
t,c+mpernt,ures above 2209 F were obtained. 

D&i taken from the more Ltdvsnced configurntIions 
of the combustion generator arc shown in Tables I 
and 2. Thcxt: indicate that, it is possible to generate 
2.G to 2.7 times the original heat in the exhaust; from 
the engino, which reprcsants a combustion efficiency 
of about 9O”i;, depending upon the air flow. All tents 
were conducted with a tail pipe of the length finally 
installed in the actual airplane. The host, values, as 
list& were calculated from the gas temperatures 
taken at, the spray nozzle sc:c:t,ion at a distance of 
about 38 in. from the combust,ion generator. It, is 
probable that these tcmperaturcs were somewhat, 
affected by local flame trmperaturcx, but radiation 
losses tended to offset this effect. 

The operation of the combustion generator is 
simple, necessitating only turning on the: vapor and 
ignition switch, after which combustion immediately 
takes place and the gases come up to full heat in 
about 30 sec. No difficulty in experienced with flaming 
of the fog oil at the exhaust outlet unless the flow 
rate is ext,remely small, e.g., less than 1 gal par min at 

which time a yellow torching flame appears. An in- 
crease in oil flow rate extinguishes the flame immedi- 
ately. When operat#ed with t,he proper quantity of air 
(not more t,han 14Ou/,), combustion is smooth and 
virtually noiseless, with only a slight purr discernible 
above the n&c: of t,he engine. Wit,h excessive sccond- 
ury air flow, intcrmittjent backfiring occurs with loud 
reports. Combustion is easily extinguished with 
normal air flows by simply turning off the vapor 
switch; however, if tht: air flows are low (less than 
lOOg<,), combustion may continue for a period of 
time. With still smaller air flows, combustion is some- 
times spont,aneous and can be maintained indefi- 
nitely, especially once the gnneratIor is hcutctl. 

While the burner is in opc:rat,ion, the surfaco of the 
tail pipe attains a high tempcrat,ure. A temperature 
as high as 1450 F has been obscrvod in the test cell. 
In ordnr t,o investigat,e t,he possible effects of the hot’ 
tail pipe on the skin and structurt! of the airplane, an 
aluminum panel was placed approximately 4y~ in. 
from the pipe surl’ar:o. With the hot,test conditions, 
the maximum temperat>ure of the panel was 210 F. 
The actual airplane instSallation runs much cooler 
than that, in the Icst, cell becxusc t,he air flow rate 
in the slip stream is muoh greater. 

One of the interesting things that wati noticed in 
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I 2,400 42.0 1,496 1345 10,745 
2 2,400 42.0 1,488 1 X0 IO,li33 
3 2,400 42*0 1,458 1390 IO,G33 
4 2,400 42.0 1,488 1395 10,633 
r i 2,400 2,400 42.0 42.0 1,48X 

1,488 
1370 1870 I lO,B33 O,G33 

7 2,400 42.0 1,4xX 1375 10,633 
8 2,GOO 44.4 l,ti3S 1360 12,248 
9 2,600 44.4 1,610 1370 12,192 

IO 2,fm 44.4 1,610 1370 12,192 
11 2,400 42.0 I ,50x 1.0,633 
12 2,400 42.0 1,508 . IO,fi33 
I 3 2,400 42.0 1,508 . . . lO,B33 
14 2,400 42.1) I ,50x 10,683 
15 2,400 42.0 1,508 :::: I o,ti:33 
J G 2,400 12.0 1,508 10,033 
17 2,m~ 44.4 1,635 1355 12,164 
18 2,600 44:2 I$35 IRX6 12,lti4 
19 2,WO 44.4 1,635 1305 12,m 

--.. .-.- 
yb 01ifiinid uoil. with ]ro~hrtiw~ cxh3ust nozzle arrd hi1 pipr: nnrrrr~ldy 

75 1,099 5,!,22 1360 3.55 
7.5 1,090 6,80X 10350 3.55 
75 1,090 5,80& I BfjO 3.80 
76 l,O!)O 5,808 1355 3.95 
75 1,090 .5,X08 1355 4.15 
7r, 1,0!40 5,sos I 355 4.10 
75 I ,ORI) 5,808 1350 4.10 
SO 1,270 G,tWJ 1415 4.10 
SO 1,270 B,R7L 1400 
x0 1,270 6,cj71 1400 is 
85 1,099 5,871 1360 2.M 
85 1,099 5,871 1360 2.82 
x5 I,099 5,871 1360 2.95 
85 1,099 5,871 1360 3.06 
85 1,099 r&x71 1360 3.10 
x5 1,099 5,571 I3tjO 
86 1,270 (ifs57 1410 4.40 
85 1,270 fi:f%7 1410 4.75 
8:i 1,270 B,G57 1410 4.95 

.--... ..- -. -.-.. 
spr:l.y 'Vail 

RCCI ion pip 
temp lq t#emp I!$ 

-. ..~ 
2150 206s 
2140 2082 
2207 2 I 50 
2195 2140 
217:i 2155 
21% 2135 
2170 2170 
205x 20.58 
SlNl 216 
2210 2130 

21r;n 
2225 . . . . 
2217 .._ 

Brco~~thrg ait, 
PWRHIIK! FlOW 
HZ0 (ill. 1 Ih/hl 

..-.. ..-- 
.02 2,2x0 

1.00 2,375 
1 .fi;i 3,0!& 
2.20 8,(i15 
2.x0 4,125 
2.x0 4 I25 
2.siJ 4:12:', 
1.05 2,440 
I.90 3,335 

X.20 4,4M 
.20 1,050 
.!45 2,305 

2.33 3,730 
3.75 4 $40 
5.00 5,660 

I'.40 i,xsr, 
2.20 S,(il:i 
3.25 4,495 

gna ntrntli tion 
Ih,/hr t~erllp F’ 

-. 
.- 

8,202 2150 
X,lR3 a I a.5 
8,903 2230 
0 427 1 .., 2230 
!I,933 2215 

10,010 2215 
10,002 2215 

14,208 20x2 
10,071 2 I R5 
11,187 2232 

6,921 
8,176 
!#Ol 

10,731 : : : : 
11,531 ..,. 

9,492 ZlCO 
10,272 2240 
11,152 2240 

81u/hr 
Initial X IO” C’ircil X lOI> 

---. - 
.. 2.33!1 5.167 

2.291 d.114 
2.2!44 5.831 
2.283 6.172 
2.283 (i.45B 
2.283 G.507 
2.271 G.501 
2.760 5.451 
2.722 fi.4fx 
2.722 7.327 
2.319 
2.31!1 
2.310 
2.31 !4 
2.X1!) 
2.319 
2.7XCi iolis 
2.736; 6.749 
2.736 7.327 

these tests arid which gave some difTic:ulLy in th! misturec; in Ihe induction system of th: cqine. The 
l&r installations was that tJhc:rc: was a c:onderablc manufacturers of the engines, Wright, h(:ronauticnl 
difference in the: composition of the gases :tncl pfs- 
formance of tlrc: unit when sttached to-the right- :~d 

Corpotdion, stated th:d, this phenomenon was char- 
acteristJic of the lt2(XIO series en,ginos. It wits nlfio 

left-hand c:xlr:tust ports on the engine. This discq- discovt:red during tlic test on thr: aoml)ustion gt?nc!rv- 
nncy wa,fi att,ributed to the tlisCribution of the fud-air tar that the cor&tion of the spark p11rgs in t,he cngino 
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had a considerable bearing on the quantitative rela- 
tionship of the exhaust, gas components. In several 
instances it was noted that, the combustion was very 
poor, and that the Aamc did not, fully propagate unt,il 
it was some distance down the tail pipe from the 
burner. In every case, abnormally low initial exhaust 
temperatures were coinridcnt with this condition. 
Ilow exhaust temperatureswcrc almost always caused 
by dirty spark plugs. When those were replaced, the 
condition was immediately rct:t,ified and the burner 
operated normally. 

33.5 I NSTALLATTON OF COM.BIJSTTON 
IJN TT ON TBM ,3 PLAN I’, 

The general scheme of the combust,ion generator 
installat,ion is illustrated in Figure 10. Two generators 
wore inst,allod, one on either side of thn airplane, ex- 
tending from the exhaust collector olitlct, parallel to 
t,ho line of thrust below t,he wing, to a point, approxi- 
mately 3 ft, from the trailing edge of the wing. The 
overall length of the tail pipe, including the combus- 
tion unit, was about 11 ft. The generators and tail 
pipe were held by brackets attached to an aluminum 
channel bolted to the side of t,he fuselage with a 4-m. 
space between the skin and the tail pipe. The gcncra- 
tor assembly was connected to t,he manifold by means 
of a flexible hose and an elbow clamped to the muni- 
fold which was originally provided with a clamp at- 
tachment for flame dampeners. The posit,ion of the 
scoops on the experimental installation was above the 
gc:nc:rat,ors, and was such that there was litt,Je or no 
air flow interfcrencc by the: engine cowl flaps. &so- 
line vapor was drawn from t,aps on either side of the 
supercharger to thr: common inlet of an electrically 
operated solenoid valve, from which it was again 
divided into a line for each gcncrutor. Automatic 
safety switches were provided to prcvcnt, the exhaust 
gas from being drawn into the supercharger case at 
negative pressures. 

It, should be noted that in this installation no 

Venturi section was used to at,omixe the oil, since 
this would have interfered wit,11 the operation of the 
burner which depended upon having little or no back 
pressure in order to permit the air for combustion to 
be introduced by the ram effect. Bccauso of the nddi- 
tional volume of gas resulting from secondary air and 
the extremely high temperatures, the v&city through 
the 7g&in. tail pipe was approximately 600 fps. While 
this was less than the throat velocity in t,he first ex- 
haust, smoke generator and resulted in poorer atomi- 

zation of the: oil, it, was in part compensated for by 
the higher tlomporaturcs which resulted in a faster 
rate of heat transfer. Nevertheless, the high hoat 
efficiencies were never attained on this generator as 
they were on the first model and furt,her improve- 
rnents along this line should be sought. The spray 
nozzles which were used to inject the oil dircwtly into 
the hot gases after combustion were the Todd 
nozzles with Mayflower 20 -10 plates. 

A preliminary program of flight testing was carried 
on at San Diego to regulate the combustion unit to 
give the maximum generation of heat. This was 
mainly accomplished by varying the scoop size to 
control the flow of secondary air. The position of the 
spray section was also nltcrcld, with respect to the 
burner, to give the optimum proport,ioning of com- 
bustion and evaporation space. The: flight tests 
showed that the injection of secondary air by the ex- 
haust, nozzle was satisfactory at all flight; altitudes or 
speeds of the plane. 

It was again noticed that the port generator gave 
somewhat, poorer performance than the starboard 
generator. The amount of oil evaporated in csch 
generator was, rcapectively, 18.5 and 22.5 gal per min 
with the engine oporat,ing at, 2,600 rpm and 47 in. 
MAP. Under those conditionsadense curtain of smoke 
could be laid, which had a duration of 4 to 5 min 
when the plane flew downwind and 2 min when the 
plane flew crosswind of a 12-knot wind. This perform- 
ance was about 2% times as good as that, of t)he simple 
exhaust generator. Further tests were carried out on 
the plane by the Tactical Test Unit at Patuxont 
River Naval Air Stationl” These verified the con- 
clusions rcat:hcd by the Solar Aircraft, Company and 
demonstrated additional uses to which a squadron of 
planes equipped with the combustion exhaust smoke 
generator could be put for laying arca SCICCIN 

On the basis of these tests the equipment was 
standardized as the Aircraft Oil Fog Generator, Mark 
3. Procurement of 72 ship sets was immediately 
xtart,cd wit,h high priority. Actuallg, only 24 planes 
were equipped bcforc the ond of the war. In t,hese, a 
simplified hydraulic system was used in ortlcr to 
eliminate the necessity of substituting the 300~amp 
generator for the standard 200-amp goncrator on the 
TRM3C plane. The electric pump system was re- 
placed with a hydraulic drive for pumping the fog oil. 

The 24 planes equipped with the Mark 3 generator 
were delivered to the Fleet Operational Training 
Command, U. 8. Atlantic Fleet, Norfolk, Virginia, 
just, at the end of the war. During September and 
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Oetobcr 1945, a s&on of operational and tactical 
tests were made on the equipment by Squadron 
VC-6 under the direction of the KI~SCRI~C~I and De- 
velopment Contcr. In order to improve: and sbplify 
the installation and to hast,en procurt!mcnt, srvcral 
modifications were suggested in the hydraulic syst,em 
and in the ~nctl~ocl of attaching the gcncrators t)o the 
planes. ‘I’hcnc changes were acecptcd in the standardi- 
zat,ion of t,hc: modified eyuipmcnt as the Aircraft Oil 
Fog Generator, Mark 4 .la 

During the course of t,hc operat,ional and tactiaal 
t,c:sts the 24 aircraft were operated for a total of 
9cjtj.7 hr. The maximum time put on any single plune 
was 58.2 hr. A tot,al. of 77,500 gal of fog oil was used, 
and this amountjot to approximately 33.3 plane hours 
of smoke generation with a maximum of 190 min for 
any individual plane. During thcst: t,(:sts the planes 
were operated 31, rnilit,ary power (2,GOO rpm, 47 in. 
MAP) for a t,otal of approxin-n~tcly (X.7 hr with a 
maximum for a single piano of 5.1 hr. In some cases 
the planes fl(w cont~inuously at this power for more 
than 10 min. In the course of these tests no cngino 
trouble occurred on any of the planes that, could IX: 
attributrd to the smoke equipment. 

OTT, I+‘()(: GENERATOR Ih 

‘I‘be development of the oil fog gener:.ltjor for air- 
craft suggestjet xcvoral new tactical IISC~S wliic:h c:ould 
not, bc: fulfilled by the oltk~ methods of dispersing 
smoke. It was now possible to lay a dense smoke 
curtain from a single plane flying at a speed of betJtcn 
than 200 knot<s and omitting smoke for a period of 
6 min, or a swath 20 miles long and 100 ytl wide in 
a single flight,. It, was estimated that, a scmadron of 
planes prepared for take-off could screen an anchorage 
of 8 square rnilcx within 10 min from t,lic receipt of 
the warning of the approach of cncmy planes. In the 
t,csts carried out, at, Norfolk after t>he war, t>his 
t,actical problem was worked out and demonst~ratr~d. 
Consideration was given also to the possibility of 
screening a task fort:{: under way and of screc:ning an 
inclividuaJ ship, c:spec:ially when in a. crippled condi- 
tion . 

33.6.1 Arca Screening oE an Anchorage 

It was recommc:ndcd that these screens be laid at 
an altitude of 400 ft since this would prevent any 
successful changr in point, of aim of an enemy plant: 

that dived through thrl semen, and would t,akc full 
advantage of a possible thermal inversion cup or 
existing air st,abiliLy below 400 It which would pre- 
vent the screen from falling to the surface of the 
water. With planox flying at lOO-yd intervals, ap- 
proximntcly 200 gal of fog oil will be emitted per 
square milo of screen. This appears to be adequate on 
the basis of the best information that, can be obtained 
from experimc:nt,s with surface equipment,. 

As the result, of the Norfolk tests, it was concluded 
that, area screens could b(: laid with the: oil fog 
generator either in a tlcatl c&n or in :L brisk brccz~ 
with turbulent air. ‘l’ln: speed wiLli which tdic screens 
could be laid is unaffoc:t,ctl by t>lic: wind sprctl or 
direction, or by HYL c:onditionx. It was tln~ugl~L that 
t,he screens were as good as those laid by surface craft, 
and usually bcttcr. The method has the advantage 
also of being more c:c:rtain. On the other hand, the air 
screen cannot, I)(: laid at night withoul exceedingly 
hazardous opc~rulions. Furthermore, the presence of 
friendly :r.irpl:mes over the ships means a loss of fire 
power to the ships which in some: cases would I)(, 
sjI>rious. 

33.62 Screening a Task Force Under 
way 

While the tactics for this operation have: not hen 
tested at, the time of writ,ing of t,his report,, it is 1~ 
lievetl that a squadron of TBM-3 plants, cquippcd 
with the smoke generator, could screen a task force 
covering an area .approximately 5,000 yd x 5,000 yd 
by flying in formation wit,h 200-yd spacing at an 
altitude of 300 to 400 ft along a course determined by 
t,he vector difference between the velo&ios of thcb 
moving task force and t,he wind. Complot,c: coverage 
will be obtained within 4 t,o 5 min. ‘l’ho time: for which 
the smoke will remain over the? task force from a single 
maneuver is dc:t,c:rmint:il by tlic following equation: 

1 
t(min) = -. ?!!” 

VWP- TV) ’ 

whore (1 is the distance the screen is laid beyond t,he 
ships (about, 2 miles), and VCY~ W) is the vector dif- 
ference between the task force velocit,y and the wind 
velocity in knots. When t,he ships are moving with 
the wind, it may be necessary t,o renew the scroon 
before it clears the task force since the smoke may 
have been weakened by diffusion. Tablo 2 is the csti- 
mated protection Lime obt~ainablo for different wind 
and task force velocities. Shortly before the screen 



becomes ineffective 111~ planes should extend the 
screens by rc?peat,ing t>hc> init,ial maneuver. Each 
plane should have suffic:ic:nt, fog oil to continue the 
screen in this manner at, Icast twice in a single flight. 

The total protection t>ime will 1~ at ta rninimurn 
when the task force i’s proceeding upwind, and a 
maximum when proceeding downwind at the speed 
of the wind. Thus, when the task force is mcrcly 

taking evasive action and its course is not, predcter- 
n&cd by othrr factors, beet, results will be obtained 
if tlic ships st<earn downwind. 

33.6.3 Screening of arl Ih.lividual Ship 

This appears t,o he one of t,he most useful applica- 
tions of the aircraft oil fog gc!nc?rator, because surface 
methods of laying srnoke screens are seldom available, 
especially to prot,cc*l a crippled ship t,hat has lost a 
portion of its fire power or marlc:uverabilit,y. 

In one test at, Norfolk, a blanket screen was main- 
tained by means of three smoke planc:s over a 
destroyer under way, for approximately 30 min. This 
screen could have been maintained c:ven longer. Tn 
this test, the wind conditions were quite unfavorable 
as the air was t,urbulent ant1 the wind speed was 20 
knots. Tt was ncaossary for the ship to vary its spcotl 
as well as its dirc&on to stay under the cover. It rnafi 
concluded that t(hree smoke planes can protect a 
single ship which is able to move downwind with the 
smoke, but it would require more than Three plencs 

if the ship were moving crosswind at a speed relativt, 
to the wind greater than 5 knots. 

33.7 DEVELOYMF,NT OF EXHAUST 
SMOh: E GENER ATOK FOR H TGl-l- 

SPE E 13 PLAN ISS 

It is &lent that if the aircraft oil srnoke generator 
is to rnaint>ain a useful position in naval warfare, its 
developrnont must he continued and crxtended to jet, 
propulsion and rocket plants. Some thought was 
given to this, since it, was contemplated that if the 
installation were s~~c:ensful on the TBM-.3 plant, it 
would next, be inst,ullotl on the PV-2 plane. Some 
rough calculations showc~l that the quanlity of heat 
ava&ble for cvaporat~ing the oil was approximately 
proportional to the speed of the planes. Although no 
consideration ww given to t,he method of introducing 
t#hc oil into the hot gas &earn, it seemed apparent 
that higher pressures of thr gas and, therefore, higher 
velocities would bc availablr: for atomizing the oil 
and evaporating the droplets. 

It has been recomrnencled that, the Navy include 
in its fundamental research program, a study of the 
mixing of fluid streams, including atomization, mo- 
men&m ‘and energy balances, turbulence, nozzle 
design, high-speed combustion, and other aspects 
which underlit the development of the oil fog genera- 
tor and other devices of military importance. 



Chapter 34 

MIJNITIONS FOR THE DISYERSA’I, OF LIQUID DROPLETS 

By H. F. .Johnstoae 

34.1 JNTROJlUCTION 

T HE IM~JOR~~ANCE OF DISPK’;T~SIN(: chemical warfare 
agents and insecticides as very small droplets to 

obtain maximum effectiveness was frequently demon- 
stratcd in field tests carried on during the war. This 
was not only true of the solid toxic agents which must 
penetrate to the lungs, but, applied equally well to the 
liquid agents when it was desired to set, up an im- 
mediate high concentration of vapor in the init,ial 
cloud in ardor to produce casualties before tht: gas 
mask could bc adjusted. This concept, of the use of 
liquid chemical agents was held by the Germans who 
designed many of their shells and bombs with cx- 
tremcly heavy burstors in order to convert, the ontire 
charging into aerosols. The American Army did not 
have any munition for setting up aerosols in this way, 
nor was there any completely succondul method of 
dispersing small solid purticulat,es. 

The British and Canadians reported some work on 
HE chemical shells and bomlns for the dispersion of 
liquids, including small-caliber armor-piercing ahclle 
and Bofors sMls with RDX bursters. The results 
indicated that fragmentation oi a liquid from hoavy- 
wall projectiles is incomplete, and much of t,hc charg- 
ing remains as drops above 50 microns diameter. 
Thin-wall munitions, eit,hc:r projectiles or bombs, are 
suitable for dispersing a charging of a mohilc liquid as 
small droplet,s. The violence of tile explosion with the 
IIE burster is often suffKient to give the cloud aon- 
siderable vertical hoight. 

34.2 LJGHT PLASTIC: HOMR ’ 

The work of the NDRC on munitions of this type 
was undertaken primarily to devise an aerial bomb 
for dispersing DDT solutions to cxtcrminatc mos- 
quitoes in a region prior t,o a landing operation. The 
bomb wax to bo used for atomizing a liquid to give 
low concentrations of a finely divided aerosol, much 
in the same way that a chemical warfare agent might 
bc used if it were highly toxic. It, was desirable that 
the bomb provide uniform contamination of t,hc 
vegetation by droplets in the range from 10 to 100 
microns diameter. I’or this reason a small bomb was 
chosen so that wide dispersion from a single cluster 

could be obt>ainecl. C~ood ballistics of the bomb wcrc 
not necessary since large areas would be treated at a 
ningle t,irne. Jn order to make use of cxinting standard 
cluster adapters, it was decided to make the bomb 
the same size and shape as the AN-11150 4-11~ mag- 
nesjurn incendiary bomb. The bomb was providod 
with an all-way fuze which would function on impact 
with soft ground, w&r, etc., when droppod from 811 

airplane oither at, low or high altit,udes. 
The dcvelopmcnt work on the bomb was done in 

three parts, as follows: 
1. A study of t,he atornization of liquids with high 

cxplosivr!s t,o d&ermine the limits of the drop size 
distribution. 

2. A study of the rffect of the shape and dimcn- 
sions of the bomb and the thickness of t,hr walls on 
the degree of atomization. 

3. The tlovelopmont of a tlcsign suitable for pro- 
duction followed by procurement of sufficient quan- 
tit,ies of the finished munition for testing. 

31*.%.1 Atomization of Iiq~ds by 
Explosive Bursts 

Thr: first, expcriment,s were made by bursting vari- 
ous small containers, such as cans, flasks, and tubes, 
containing DDT solutions in a mobile solvent, by 
means of various types of burst,c!rn, such as Masting 
caps, Prirnucord, Mryl, and black powder. The con- 
tainers were burst about, 4 ft, above the floor in H 
large room and t,tic: aerosol sarnplas were collected by 
impact,ors located at a height, of ahout 2 ft, above the 
ground and along a radius from the burst. A paper 
was placed on the ground under the burst, to show 
any ground loss. The slides from the impactors were 
cxumined under a microscope immediately after the 
burst. The: results indicatecl that, at,omization of the 
mobile liquids to droplets below 50 microns diumet,er 
is quite possible. For best results, the solvents should 
be of low viscosity. The shape of the bomb is an im- 
portant factor in fixing the optimum ratio of the ex- 
plosivc to charge and, apparently, limits the size of 
the munition. 

111 a second scries of experiments, liquids of dif- 
fercnt viscosities were dispersed from containers of 
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TABLE 1. Droplet* spectra from plastic bombs wit,h various chargings. 

Bomb case Burster 
Diameter Thickness diameter 

Kinemat.ic Surface 
viscositv t.ension 

w eight per cent. of droplets below following diameters, p 

(in.) (in.) (in.) Description of charging Stokes” dynes:cm 5 10 15 M 25 30 35 50 75 

10yO DDT, 107, DBT in monochlorobenaene 
10yO DDT, IO7c DBT in monochlorobenzene 
20% oleie a.cid in CC& 
207-, oleic a.cid, 1% ,m-cresol in CCl, 
10yO oleic acid in CC& 
5yc oleic acid in CC& 
lOy0 FeCL. 6HrO in acetone 
107, FeCL-GH?O in acetone 
507, FeC&. 6H20 in wa.ter 
50yG FeC& -6&O in wat.er 
507, FeCL .6H20 in water 
50$& FeC& .6H20 in water 
207, oleie acid in benzene, sp g 0.88 
20% oleic acid in Ccl,, sp g 1.43 
15% glycerine in water 
Sa.me, plus wetting agent 
157, DBT in tetrachloroebhane 
15yG DBT in ethyl ether 
157, DBT in carbonated Ccl, 
10 yc oleic a.cid in CSI 
20% oleie acid in CS2 
20yG oleic acid in dioxane 
207, St.anolind in CC1: 
507, Stanolind in CCL 
10yc DDT, lO$$ DBT in C& 
10% DDT, 107, oleic acid in C& 
10yO napht.haJene, 107c DBT in Ccl, 
10% DDT, 10% DBT in monochlorobenzene 
10% DDT, 107, DBT in C& 

0.0110 
0.0110 
0.0108 
0.0115 
0.0084 
0.0074 
0.0096 
0.0096 
0.0189 
0.0189 
0.0189 
0.0189 
0.0125 
0.0130 
0.0465 
0.0157 
0.0172 
0.0059 

Ii&i4 
0.0093 
0.0189 
0.0108 
0.0258 
0.0052 
0.0056 
0.0086 
0.0106 
0.0056 

0.2 8 30 51 79 98 100 
I 0.1 6 21 50 70 77 99 100 

. . . 0.4 8 36 58 74 99 la0 
. 0.3 7 26 52 74 97 99.9 100 

1 I . 3 34 76 97 100 
. 7 54 100 
. . 2 26 53 80 100 

. 0.1 2 7 Il.5 15 30 43 72 100 
. . . 0 4 8.5 16 31 40 65 100 
. . . 0 1.2 8 13 20 21 46 100 
. . . 0 1 5 9 14 23 42 91 100 

36.4 0.1 0 0.7 0.4 17 2.5 34 6 66 9.5 95 13 100 31 64 loo 

30.4 0.4 0.7 28 60 85 99 100 
54.5 0.4 - 

:.7 
17 30 56 80 98 100 

32.3 0.15 2.5 7 14 22 32 60 
38.5 0.15 2 7 17 30 50 68 100 
21.5 0.18 1.3 10 22 40 58 74 98 100 
35.5 a 0.15 30 1.5 74 6 97 15 100 32 52 68 1DD 

35.5 - 
G.25 

6 18 38 60 83 99.8 100 
35 4.6 18 36 50 64 76 99.5 100 
30 0.05 1.6 7 18 “8 42 52 95 loo 
34 0 0.1 0.8 2.3 3.5 6 8 36 90 
35.5 0.25 5 22 46 66 78 89 100 
36 7 12 40 78 96 100 
31.5 1 12 44 70 100 
36.5 0.15 1.4 9 26 46 64 81 100 
35.5 0.3 6 30 66 90 99 100 
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of the bomb. A dome-shapccl diaphragm is used to 
aljsorb some of the: impact of the: inner case and to 
provide a chamber for the powder bags. The delay 
clement, is a compressed black powder train, which 
is ibqited by a length of Quickmatch. This train is 
set for a d&y time: of 4.2 see and can be made repro- 
ducible to +-0.2 sec. A new small inertia-type fuze 
was developed for the bomb. Cloth streamers similar 
(;o those used on the M-69 bomb are used to stabilize 
the bomb whih: falling. Good ballistics are obtained 
by attaching the streamers t,o a metal ring, which is 
fastened in turn to the bomb by means of nylon 
shroud lines 10 in. long. 

0ne thousand complete EK ,1 bombs wcrc manu- 
factured without, difficulty and were delivered to 
Kdgewood Arsenal in March 1945. The innor cases 
were filled with 2.X lb of distillrtl mustard ga,s and 
thickened distilled mustard gas containing 0.5% oil 
red dye. The bombs were assembled, fuzed, and 
clustered, and sent, to the Dugway Proving Ground 
Mobile Field Unit for field tests. The preliminary 
tests were started jllst before the end of the war. 
The static tests roportecl indicated that, when the 
bomb functioned properly, it distributed the filling 
fairly uniformly over a modcrutely large area which 
resulted in medium vapor dosages over that area.6 
The bomb did not show any great advantage OVIX 
other available munitions for dispersing licluicl agents. 
In open terrain, it gave results similar to those from 
low-altitude spray; in wooded terrain the rexults were 
similar to those from the M47A2 bomh. It was ob- 
served that, many of the canisters were ejected too 
high before they burst, and the results could have 
hccn improved if a11 of the canisters had burst, How 
the tops of the trc:r:s. A large pcrcentagc of the bombs 
did not function satisfact,orily and further devclop- 
merit, is necessary beforr: definite assessment of this 
t,ypc of munition can hc made. 

34.4 MUNl’l’lONS CONTATN ING J,,TQLJlDS 
WLTH DJSSOLVED GASES UNDER 

PRESSlJlCE 

Several attempts were made to develop a munition 
for dispersing liquid agents as aerosols by means of a 
gas dissolved under high pressure in the liquid. It, 
was shown in Chapter 29 that no advantage is to be 
gained in the atomization of the liquid by explosives 
when the bomb is pressurized with CO2 at, 500 psi. 
There are sevcrxl other mc?thods, however, by which 
the pressurized liquid might be atomized. Two of 

those were suggested by A. R. Olson of the: University 
of California. Noither of these were found to produce 
the desired results and both appear to be impractica- 
ble for a munition for field use.” The test results will 
be described here briefly as they may be uscfitl to 
others seeking information on this sub.jcct. 

34.4.1 First Olson Rod 8 

The first device proposed by Olson was a loo-lb 
bomb which was intended to impact, and remain up- 
right, and then disperse it,s liquid contents as an 
aerosol 1)~ spraying through a small hydraulic 
atomizing nozxh?. The liquid was to be maintained 
in the bomb under high pressure of carbon dioxide, 
or other suitable gas which was relatively soluble in 
the agr?nt. It was contemplated t,hat the presence of a 
dissolved gas in the liquid under pressurt: would im- 
prove the atomization. 

The solubilit,ies of carbon dioxide in mustard gas 
and in butyl carbitol are shown in Tables 3 and 4. It 

TABLE 3. Holubility of COti in mustard gmR 
v -e-- --. .~ -- .e: -7. - 
Tcmperaturc PWSS CO% g per AI’ 

degrees C CO2 psi 1WgH E 
~,.~, ““--.. --. ..~_ _-- - ,,--- 

20 200 3.4 
250 
300 ii 

ii:! 
,082 

400 10.1 .130 
500 13.1 .1no 
600 18.6 .285 
700 27.4 .475 

12 200 3.5 
250 < * iii) 
300 7.0 .120 
400 11.3 .lM 
450 .215 
500 16.4 .260 
tioo 23.8 .520 

_ .-__~-., ~.. --~. .---.-. --. 

was proposed that butyl carbitol be used as a simu- 
lnnt in the field tests because of t,he similarity of its 
propertics to thosr: of t,he vosicant agc111. 

The difficulty of insuring that the homnb performs in 
the pmscribed manner when dropped from an air- 

u It should lx! noted that, this method of diapersing nerosuls 
is indeed t,hrt basis of the aeroxol hornb which was widely used 
for diapersing infiecticides during the W:W. In thiti c&se, the 
gas used to pressurize the bomb was ~tct,ually liyucficd, nrrd 
there w,ls: urrly x low concentratiorl of t#he nonvoMile agent 
in the liquid vehicle, Furthermore, the rate of nutput of the 
bomb was much trio low to ho of use for field munitions. 
Pnrticlc size measurements on the :tcmsols genara,tcd from 
these bombs have been reported hy IALMw.~ 
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‘[\Am.m 4. Mubility of CO, in butyl carbitJoL8 
-. -m -z-v.- --A... - 
Temperaturr Prwti c0~~]mP1ooP; ov 

degrcee (: co2 psi hutyl cnrhitol Vo 
-_-. -.-- .-- ~ .- 

22 280 7.7 0.085 
470 IS.1 0.180 
580 29.x 0.287 
870 42.2 0.409 
715 51.0 0.490 

19 120 2.23 0.0189 
175 5.26 0.0396 
310 11.3 0.098 
530 27.0 0.226 
626 46.0 0.425 
775 95.0 0.91 

,--- I-..-- .-... - -- .-. 

plane was recognized, and ncveral methods of stabi- 
lizing the bomb in flight and making it land uprighhl 
were suggest,ed. One of these pven conceived of having 
a parachute and a tripod which would hold the bomb 
in an upright position a few fnet, off t,ho ground while 
it was dispersing its contents. A test, on this device at 
Dugway Proving C~rorrrd in April 1943 showed t,lmt,, 
under the best, conditions, the atomization in no way 
produced a true aerosol, and much of t#he charging 
was dispersed as large droplets which settled out, 
within a few fcot, of &e bomb.Y 

Furthor tests on this dovicc were made at the 
Munitions I>evt:lopmcnt~ Laboratory in order to de- 
t#ermine if an improvement could be madc by using 
different orifices or nozzles. Table 5 shows the results 
obtained in atomizing butyl carbitol sat,urat,ed with 
COz at, pressures of WO psi at, room tcmpcraturc. It 
is evident that, all the nozzles testcti protluccd drop- 
MS considerably above the range of stable aerosols. 
Further t&s were run in a sett#ling chamber with the 
Olson bomb itself with results nonsist,ent; with thoso 
reported here.1° 

34.4.2 Second Olson 13evice l1 

Another device:, which might have been developed 
into a praclical munition if’ the: results had been more 
favorable, consistted of a lxmh or shell filled wit,h 
spray tubes. These tubes were t,hin-wall cylirrclers 
filled with thp liqrlid agent and saturated with 
carbon dioxide at, a high prcssr~rr. The tubes were to 
have several orifices m opposit>e sides at, each end, SO 
that upon Ilurst of the: munition, the tubes would 
spin end-for-end due to the recoil of the liquid leaving 
the tube. ‘l’he spinning was to accomplish the follow- 
ing: (1) the centrifugal force would keep the liquid 
at t,he end of the tube so that, it. wo111d empty com- 

,.-. - -- -- ..- _ 
NOZSk T)rop diameter 

NO. Noxxlr P --.- - - .-. -.. _- .._. 
I No. 27 hypodermic needle, .075 in. bug, 

and beveled tts received 2 - 50 
2 No. 27 hypodermic needle, ,075 irl. long, 

end ground aqunrc: 2 - 50 
3 .0313 irl. 1D tube, 3 in. long 5 - 75 
4 Two t,ut.w placed so t,hat t,hc straa,ms 

would i rnping;c on etwh other. Tubes 
wnre .0313 in. ITI, Xl00 irl. long, and 
hnd au 0.014-in. dismeter orifice~in thr? 5 - 7.5 
end 

5 l-in. lerlgthof .0313in. IU t,uhe, end square ;i - (90 
G l-in. Icngth of Xl313 in. TTI t&c, end flared 

to .I250 in. nt, 20’ 5 .- 90 
7 Sharp-edged hole, .OM-in. d&neter, 

.0313 in. long 5 - !)O 
8 Slit, .OOl-itl. w& and .2.5 in. long 5 --90 
9 Shwp-edgcd hole, .Oll-irl. dia,meter, 

.0313 in. long R-loo 
10 Fan-type epray wit,h a .02&n. diametw 

hole 8 -- 100 
I1 tiharp-edged hole, ,016 in. dinmcter, 

.0313 in. long lo- 125 
12 C:orrverg;ing-div~rgirrg noz:xk, divergence 

a,nd aize corresponding t,o :t 5/O dowel 
pin reamtl 20 - 300 

- .-- - .- ..- -,,--.- - . _ 

plotely ; (2) there would be 811 increased shearing 
force wit811 t>he air to at,omize the liquid in addition 
to tlrc! atomization effect of the dissolved COZ; (3) the 
aerosol would bc so rapidly clilut,ed al t,he solrrce that 
agglomeration of t,he droplets would not, take place. 

Prt?liminary t,est,s lp on this idea were made by 
c.iect,ing a single t,rrbc! I :3x’ 8 in. or) and 8 in. long from 
a homh I? j’e in. IT> wtl 16 in. long, filled with bulyl 
carbitol under pressltre of carbon dioxide. Ry means 
of a valve arrangement,, the gas pressure could be in- 
crcssed until a frangible disk at the cam of the bomb 
sheared at, about 850 psi, relcusing the tube and its 
content,s. It, was found thal t,lie tube! actually spun 
end-for-end at a high velocity a#nd was completely 
empt,ied in 3 to 5 sec. 

Further t&n were mad0 with a larger multiple- 
unit, ejection bomb, 18 in. long rend 5% in. (ID. This 
bomb had a capacity of 21 spray tubes similar to that, 
described above:. The entire bomb was charged with 
14.3 lb of o-dic:lilo~nt,c?nzenc:. Since the preliminary 
experiments showc~~ that, the bomb could not 1~: used 
for setting up an aerosol, experiments were continued 
to determine if Uris device had any possibilities for 
dispersing mustard gas for antipersonnel purposes. 
ConseyucntJy, most, of the tests were made with the 
simulant thickerrod with polymet8hyl rnethaerylate 
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Drop sixes (mm dialnctcr) 
0 - 0.50 

0.50 - 0.75 
0.75 - 1.00 
1.00 - 1.20 
1.20-1.40 
1.40 I .60 
1.60 - 1.80 
I .80 - 2.00 

2.00 -- 2.20 
2.20 2.3% 
2.38 -- 2.53 

>2.53 

7 8 10 s.5 2.5 
4 3 0 5 5.5 
I ,205 1.25 1.25 I .25 1.70 

130 1 IO 0 “‘< c 100 
ii,500 6,500 6,500 0,500 6,SiiO 

79.2” 89 43.21 Mi.q/ 92 
I 00 100 0 0 100 

450 

0 
25 
70 

160 
3w 
f‘25 
760” 
MO* 

22.7 23.7 
14.6 15.2 
22.9 I fi.4 
14.4 12.1 
10.4 S.0 

9.2 7.6 
2.1 3.5 
2.0 5. 1 
0.6 2.4 
0.3 3.4 
0.3 1.4 
0.6 1.2 

1,080 

0 
I 9 
39 

lcil) 
295 

1,140t 
1,075 

2,370 

135 232 

Amn, corl(,tllliill:t!(:d sq yd 
0 0 
2.5 15 

:: 130 ti2 

170 215 
410 550 
560 785 
940 1,185 

wt per CCIII 
37.7 44.9 
23.1 23.X 
22.3 16.8 

9.1 6.4 
4.8 a.9 
1.8 2.6 
0.A 0.4 
0.3 0.1 
0.3 0.4 

0.7 
0.4 
0.5 

355 ‘110 

46 
72 

1X 
205 
260 
405 
740 
936 

1,150 

30 
39 
tit5 

175 
320 
440 
830 
109 
. . 

24.2 22.7 
15.1 14.3 
IS.5 12.1 

1,i.R 16.4 
5.3 x.3 
5.0 10.9 
7.8 4.3 
4.4 1.9 
2.2 1.2 
2.f 3.2 
1.0 I .o 
I.1 3.8 

-- 

:.~nd cl-& red with dul’ont l<.hod:tminc. Tho liquitl The mmlt,i~Jle-tul)c: eject,ion boml) produc:c:d a npray 

was &urttt,ed will1 carbon dioxide in a11 nusilisry from 100 microns t>o 3 mm in diameter, 75”/;, of which 
bornl) and t,ransferrc:d to t>llc: ejection bornk) under WLS ubovc: 0.5 mm !Morr: tJhnn WC%/;*, of t,he liquid dis- 
prossure. Thr: prefisure was incrensod rm til the shc::~r c:ti:trgetl from tlic: spray LItben was ubovc 0.5 mm. The 
disk rupt,urc:cI and the entirt: cnntcnt,s weir: t,hro\cn in liqrlid hctwecn the i,llbes W:~S atomized tiomewhat 
the air to an altitudr of I.50 to 300 It,. The spray t,nl>es more, thus lowering the ovwall antipersonnel &- 
were mostJly disch::qed by Ihe t,irnc they w:tcl~c~l 11le ciency of the: munition. A chrzngc of the simulannt 
peak of their flight. They werr: st:atterr:rl over :m area, viscosity from 1.25 to I .75 poises appeared to product: 
of 50 yd wide 1)~ 70 yd long. Two tuxt,l;: wer(: m& no change in the drop tiize; however, t,llc lowcr the: 

that varied from the &ovc procrdure. In one t& t)hc CO2 pressure, tJha larger the drops CMP~F: from the 
simulant, was not, srtturatccl with citrbori dioxitlc ttntl, bomb. Table (j H~OW th(? results of six Icsts run on 
in the other, the: simule.nt on thr: nntsitlc of the: tubes this device. The tlcgree of ground contamination and 
wa,s saturated with the gas nftc:r t)he tulles w~‘(m filletl. the: area c:ont:mminntetl depentlcd largely upon the: 
In I-,& C~SFS the tubc:s did not discharge the liquid wind v&city. Using 14.3 lb of simubnt, in a 2.5 
contents. mph wind, 936 sq yd were cont~nminatccl wit,11 a 
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concentration greater than 0.5 g per sq m, and 410 
sq yd with a concentration greater than 1 g per sq m 
consisting of drops larger than 1.0 mm in diameter. 
In an S-mph wind, the values were 1,675 sq yd and 
1,030 sq yd, respectively. The low& CO2 pressure 
which would completely discharge the spray tubes 
was about 85 psi at 0 C. 

It was concluded that the device is not effective 
for producing saturated aerosol clouds, but that it 
can be used to produce larger droplets t,hat would 

have antipersonnel effects. The device is mechanically 
poor, and must be stored and transported while under 
high pressure. Once the munition is filled, the pres- 
sure varies greatly with the temperature. Therefore, 
the performance of a munition designed on this 
principle would also vary with the temperature. From 
a mechanical point of view, for antipersonncl effects 
and ground contamination, the airburst munition 
described in the previous section would have many 
advantages. 



Chapter 35 

MUNITIONS FOR THE DISYERSAL OF SOLID PARTICLES 
By H. P. Joh,nutone and H. G. W&ngwtner 

95.1 TNTROnUCTION 

T Hkl EXISTKNCE OF SPVERAL solid Chemid id 

bacteriological agents of extrcmcly high toxicity 
suggests the use of these materials as warfart: agents. 
Since the toxicity of these agents is greatest through 
pulmonary action, they are most, cflectivc when dis- 
persed as aerosols of particles sufficiently small t)o 
pen&rate the nasal passages and reach and bo rc- 
taincd by the alveoli of the lungs. These agents arc, 
in general, odorless and dificult to tlctect in the 
dilute concentrations required to produce casualtics. 
On the other hand, since the most effective particle 
sizes are easily removed by the gas mask filter, troops 
may have adequate protection by wearing the rnusk. 
The tactical use of these agents thcrcfore requires 
instantaneous dispersion from a bornb or shell to set 
up an immediate dosage exceeding the lethal value 
before masks can be adjust,ed. The necessity for pro- 
viding a new munition designed specifically for the 
dispcreion of these agents becamt: apparent when it 
was found that the standard munitions for dispersing 
chemical agents were quite unsuitable. The dispersal 
of powdered agents from bursting or tail-ejection 
bombs and shells was ineffective because of the 
formation of large compacted particles.lt 2 Many of 
the agents are also subject to rapid detoxification 
even at mode&c temperatures and, in some cases, 
it was found that an explosive shock would &crease 
or destroy the toxicity. Those effects were present 
to a greater extent with aqueous solutions ad YUS- 

pensions than with dry powders. 

Laboratory techniques for the dispersal of t,hese 
agents were developed while toxicities were being 
studied and compared. Best results were obtained by 
dispersing dilute solutions by means of a Benesh air- 
atomizing nozzle containing a baffle for removing the 
large droplets.3 It was shown also that the dry pow- 
ders could be dispersed as essentially unitary par- 
ticlcs by means of a pneumatic nozzle.4r b Rocause of 
t,heir complexity and the large quantities of air or gas 
required to effect the dispersion, these m&hods are 
unsuitable for incorporation into munitions for field 
use. From a practical standpoint, the object,ivcs 
sought in t,hc: development of a suitable munition 
were : 

1. Devolopment of a bursting munition for dis- 
persing dry powders by proper selootion of the type 
and dimensions of the burster. 

2. Dcvelopmcnt of a base or t,ail-ejection bomb or 
shell which would exert, little or no mechanical action 
on the dry powders. 

3. Development, of a bur&ng munition for dis- 
pcrsing solutions or nuspennions of the agent without, 
dotoxificat,ion. 

The work in Division IO NDRC: was concerned 
mainly with the dcvelopmonl of a munition for the 
dispersion of the protein agent, designated as W. 
Early experiments indicated that, this material was 
sensitive to heat and shock. httcntion was given 
first, therefore, t>o a tail-ejection bomb using a com- 
pressed gas as propellant. In the field tests on this 
munition, comparisons were mado with the dispersion 
obtained by high explosive. It was found that, with 
properly selected explosives, the det,osification of 
thick suspensions was not serious and that excellent 
dispersion could be obtained, suitable for field use 
bccause of the low concentration required at, natura- 
tion. 

3s.2 FI.INDAMENTAL PRINCIPLES 

35.2.1 Lmpactability of Aerosol l’articles 
The solid particles in an aerosol are made? up largely 

of aggregates of smaller primary particles. A rela- 
tively small fraction of the mass of the mat;crial exists 
as unitary particles. The tendency of a particle to de- 
posit on a vertical surface depends on its diameter 
and density and the velocit,y with which it approaches 
t,hc surface and on the size: and shape of the surface. 
The measure of this tendency is called the irk 
pactnbil~ily. 

Sell G has calculated the impaotability of small dust, 
particles on objects of various shapes and has found 
it, to bc a function of the climcnnionless group. 

dup cl 

P D 
f 

where d is the diameter of the dust, particle, p is its 
density, u is the velocity wit,11 which it, approachoe the 
object, 71 is a characteristic length of t,hc object and p 
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is the viscosity of air. Figure 1 shows Sell’s curves for 
t,he impactability of particles on xlwfaces of various 
shapes. l’or small tlunt, pa&lcs, t,hc: irnI)act,abilit,y 
is roughly proportiond Lo t,lw pr.otlrrt:t of th tlcnsity 
of the particle and the: square: of its diarnct,or. It may 
I)(! expcc:t,c:d, thcrciore, that a large, loosely knit 
aggregate of low density and large diameter will be 
deposited to the same extent, as a smaller and denser 
aggmgate under the same conditions, as long as 
p,rl: = p&i. IIowever, in passing through small chan- 
ncls or through filters such as exist, in the rlasnl pns- 
sages, the act,ual size of the parCcle js important in 

the removal and deposition from the air st,rcarn. 
l’urthermore, the hygroscopicity of the particle must, 
be a factor in t,hc pwet,ration of the nasal passugcs. 
Exporimc:nt,s at, the Univwsity of Chicago Tosicily 
Laboratory show that n~~proxiIn:~t,c?ly 50’s of (i mi- 
crons diarnctcr droplets of oil will pass through t,he 
now into the lungs when tJho breathing rat,e is 17 lpm. 
The penetratjion is less for acrost~ls of calcium phos- 
phate and sodium bicarbonate dust, of t>he same size.5 
The effect, of flow rate is shown by the: decreased 
penetration at (3 lpm which corresponds to rapid 
breathing. In this case 50’17, t#ransmission is uc:hicved 
only by 2-micron liquid droplets and by particles of 
less than 1 micron diam&r in the case of sodium 
bicarbonate dust. The pc:nc&ration decreases with in- 
creasing particlc size unt,il at, IO to I 2 microns diame- 
tcr the: xcrccning is complete. The density of the ag- 
gregates in tjlimr t&s ws in the range I .O to 1.4 
g per ml. 

Tlic rctcntion of dust particles by the lungs is also 
a function of the particle size and, at, tl twcathing rate 
of I7 lpm, half of the: 1.5 micron calcium phosphate 
dust, particles was rctsinod. ‘l’hw: is an optjirnurn par- 
ticle size, tlic?rcforr:, for pc:nc?lration of the nasal pas- 
sages and rctcntion by the lungs. It, appears from 
Ihcse measurements that the desired range is between 
1.5 and 5 microns. 

352.2 Effective Toxicity of an Aerosol 

The effective toxicity of a particulate cloud depends 
11po11 the composition of the agent as well as upon the 
pc?rc:cnt,agc of the material in the critical size range. 
The toxicity of the original charging is determined 
by the chemical and physical methods used in the 
preparation of the agent,. The condit,ion under which 
the agent is stow& t,hc: mode of functioning of the 
munition by which the agent, is dispersed, and the 
behavior of the airborne particles from the point, of 
burst are other irnport,ant, factors. 

The protein agent W was prepared by tjhr: Proctor 
and Gamble Company b.y precipitation or by spray 
drying from aqueous solutions. The spray-tlrictl ma- 
terial consist,t?tl of part,icles about 10 microns in 
diameter, which could bc rcdrrccd t,o below 5 microns 
without dct,oxification by air micronizing7 

For the purpose of carrying out field tests on muni- 
tions, it, was desirable to have a simulant which pas- 
scwod somewhat the same properties as the toxic 
protein. Egg albumin was most suitable, since it, is 
also denatured by heating. Albumin powder wit,h a 
mass median diameter [MM 111 less tjhnn 4 microns 
was prepared by t,he dul’ont, Company by ball- 
milling a suspension of the solid in organic: liquids, or 
by micronizing in air. All of the bull-milled samples 
wcrc seriously dmatured as shown by t,he low solu- 
bility in cvntw. Hammer-milling causccl less dena- 
tin&on, but, \YX~ unsiicccssfnl in reducing the particle 
sizt? l~c:low 15 rniarons MMD.8 

35.2.3 ~IXspersibility of t’owdcrs 

It is wll known that some powders are more easily 
dispcrscd than others. Experiments made at the 
Munitions Development, Laboratory [MDL] using 
several t,ypes of very firmly divided pigment powders 
showed that those materials, consisting of primary 
particles less than 0.1 micron diameter, could not bc 
dispersed as unitary particles by any of the m&hods 
suggestted above. The difficulty was appart:nt,ly due 
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to the high contact surface area which required more 
energy for dispersion than was availaM! from an air 
jet or from an explosive charge. C:ood dispersibility 
is often associated with powders having a high poros- 
ity or free sstatc:.!’ Thn most, easily dispersed albumin 
sample t,nstctd containc~tl nearly uniform particles of 
about, fj microns and had :L low bulk density.” It is of 
interest, to note that, tht? “dustiness” of :a powder of 
this sort, apparently I~ars no relationship t,o it,s 
dixpc:rsibilitJy. 

hth:mpts \VI:N: rnadc to lower t>hc cohesive forces 
Mwrcn the: particles by coating with surface active 
agc:rit,s.8 It, was found that albumin arid zinc oxide 
powders treated with diglycol laurat,c: were more 
en‘ciently dispersed by small explosive mlmitions 
than the unl~reatc4 powders. This t,reatment, how- 
ever, did not improve? tlic? dispersion of albumin 
powder by gas-ejection bombs, but actually drcrcasctl 
the dispc:&l~ilit,y. Thc:rt: was some indicat,ion that 
treatment, of t,ho powth~r wit,11 soya lecithin improved 
the dispr~rsion of sine: oxidcb but not that of albumin. 
Other surface :&vo agcntn which affected t,he tlix- 
pt:rsibili tics were fatty acid cstCr3, polyhydric alco- 
hols, oc:tLltlrtc,ylumine ~iydrocl~lo~itlc, and micro silica 
drlst. 

The dispersibiliCes of W and egg albumin powders 
were markedly influenced by their moist,ure contlc:nts. 
It appears necessary to maintain the moisture corr- 
tent less than 1 “IO in order t>o get, the: Ijest, dispersion.1’) 
Since the protein mat,orial is hygroscopic, the humid- 
it,y of tlic: atrnosphcrc in which it is prc:parc:d and into 
which it is dispersed is an important fact,or in deter- 
mining the ultimate nat,lrre of the aerosol par&lea. 

The existence of aggregates in the aerosol clouds 
depends upon the form of the agent in the munition 
as well as on t>he type of munition and, t,o some cx- 
tent, on the concent8rat8iorl of t,he initial clor~d. Ap- 
gragates from t’he dispersal of dry powders are, in 
general, large? and fleecy, whoroas those from the dis- 
porsal of thick suspensions of the powder in an inert 
liquid arc apt, t>o b(: small(:r ant1 rnor’c: firmly bound. 
‘l’herc: is c:xporimc:ntJal ovitlcncc! t,o show t>hat, :I,ggre- 
gates exist due both to failrrrc to sq~arat,c 111~ primary 
particles and to coagulation due to high initial con- 
centrations.” The agent compartJment oi” a gas-ejec- 
tion bomb was divided into two compartments, one 
filled wit,h dyed albrlmin and the other with undyed 
albumin powder. Examination of the airborne par- 
ticles after the dispersion showed aggregates com- 
posed solely of dyed and solely of undyed particles, 
as well as aggregates of mixed color. Furthermore, 

densely aggregated single-color4 nuclei with fringes 
of lightly held particles of bolh colors were found. 

x3.2.18 CorKxm tration in Aerosol Clouds l1 

The travel of aerosol clouds in the air and the 
dosages downwind from the point of dispersion may 
be estimated by means of t#llr Bri tinh diffusion 
theory l2 corrected for losses by vertical and hori- 
zontal deposition. The concentration-time product P 
resuhing from the passage of an aerosol cloud gcnor- 
ated at a line source in open country is given by the: 
equation 

r 
x 

(!- PVdLt 

where p is the source st,rength; 
v is the settling velocity of the particles; 
z is t,he distance downwind from the source; 
K and sm are meteorological constants; 
YL is the wind speed. 

After differentiation with respect to x: and separa- 
tion of the variables this becomes 

Upon inlcgration, eqilation (2) becomes 

F = ctf, (4) 
where (2 is the concent,rstion-time: product, of a gas 
cloud of the same source omission as t,he aerosol cloud, 
and f is the fraction of the :Lg(:nt, rc:msining airborne 
at, any distance. Then j is given hy 

f = e- I/(RlLP’q. (vr)/(l - IUp‘?) 
(5) 

The term, I /KKK “i’2, is equal I,0 the gas c:loud Ct for 
an emission of 1 g per (*rn of lino source. The settling 
velocity of small aerosol pwticlw in still air by 
Stokes’ law is 

pd” 
v = 3.40 x 10 0 ’ 

when all t,hc quantities arc in cgs units. 
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If the quantities are exprctised in the morn familiar 
units for use with the gas concentration slide rulc,‘z 
equation (5) becomes 

f-e-’ 3 25/w .(&y/(1 - m/2) .ct,r 
(7) 

where p = density of the aerosol material, g per cu m; 
d = drop or particle diameter, microns; 
x = distance downwind from the line source, 

yards; 
Ct, = gas cloud Ct for an omission from a line 

source of 1 lb per yd, mg-min per cu m; 
m = 2/[1 + (log R)/(log R + log 2)-J; 
R = (IL ut 2 m)/(u at 1 m); 
u = wind speed. 

In equation (4), Ct may be used in any convenient 
units and F will be given in the same units since j is 
dimensionless. 

For ucrosol particles larger than about 5 microns 
the evaluation of the constant Ii cannot bc accom- 
plished in this simple manner. In actuality, the aondi- 
tions deviate from the theoretical at a point near the 
source. In equation (7), as x + 0, Ct, + CD. The 
result is that the deposition within a short distance 
from the source, according to the equation, is rola- 
tively large but actually the aerosol cloud may not 
touch the ground until it is several yards from the 
source. In this work it has been assumed that the 
value off at 10 yd is unity, and that the value off at, 
any distance x is that calculated from equation (7) 
divided by the value at, IO yd. This is somewhat 
arbitrary and may have t,o be modified when more 
information becomes available. 

The magnitude of the correction factor f has been 
determined for a liquid with a density of I.0 g per 
cu m, drop diameters of 0.8,8.0,12.0, and 24 microns, 
and for the atmospheric conditions corresponding to 
a sunny day (n = 1.05) with a moderate wind (u = 
5 mph), and a clear night (h’ = I .25) with a low 
wind (u = 2 mph) .13 The values arc given in Table 1.. 

Xi.3 TESTING; OF MUNITIONS 

35.3.1. Explosion Chamber 

Tt is frequently convenient to carry out, tests on 
small aerosol munitions by functioning them inside 
a large closal room. Animals may be exposed within 
the room, and samples taken of the aerosol at various 
points to determine the variation of concentration 
and particle size with time The concentration-time 
relationship may be obtained h-y drawing the aerosol 
through a suitablo filter and determining the helf- 
life of the aerosol. 

FIWJRE 2. Limits of the half-life of a particulate clnud 
for xcltlirlg in a clnxcd room, in still air, and in Iurlmlent 
air. 

Another method of det,ermining the settling rate, or 
the concentration-time relationship, is by means of 
pie plates exposed for fixed intervals of time during 
the settling. A differential pie plate settler was con- 
structed for this purpose in testing the munitions 
developed at the M1)I,.14 

The MMD of equivalent sphcricd particlcs may be 
determined directlyfrom the half-life of the aorosol. It 
makes no difference whether the air is still or if there 
are drafts or thermal currents, provided there is no 

TAR 1,~. 1. Vnlur! of the corroclion factor f for deposition of..acrosol clouds under Iwo atmospheric conditions. 
(p = 1.0 g/cm”) 

.-~. .- -- .- 
Distance R = 1.05, u = 5 mph R = 1.25, u = 2 mph 

downwind Drop dirtmeter Drop diamebcr 
Yd 0.g SP 1% 24p O&L 8, 1% 24p -.,. ,-.-.. ““, 

-. 100 > 0.99 0.98 0.96 0.85 ->0.99 0.89 O.?S 0.32 
500 >0.99 0.96 0.94 0.7X >0.99 0.83 0.64 0.16 

‘,W >0.99 0.96 0.93 0.74 >0.99 0.78 0.58 0.11 
5,000 zo.99 0.95 0.90 0.65 >0.99 0.69 0.42 0.03 

10,000 >0.99 0.95 0.88 0.59 >0.99 0.63 0.37 0.02 -- 
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serious leaksgc of aerosol from the room. Figure 2 
shows the limits of the half-life of particulutc clouds 
in which the particles havt: a density of 2, and for a 
room height of 15 ft. ‘l’his chart, may be used for 
rooms of diffcrent hc:ights and for materials of tlif- 
ferent densitirs by observing that, the: half-life of the 
cloud is proportional to the height of the room in 
whic*h it, is dispersctl, and is inversely proport,ional 
to the density of tllr: particles. The two lines show the 
variation in half-lift caused by assuming both tur- 
ljrllent and quiescent settIling and the extrcmr particle 
size distjrihution. Midway bctwcen the t,wo lines lies 
the most probahlc case of normal particle distribution 
in turbulent act,tling. Althollgh the dcrl&y of the n,g- 
gregtltes is oft>c:n hard to evaluate to obtain an ahso- 
lute answer, valid comparisons with tllc: same filling 
dispersed in tliff erent, ways are nevertlirless possil)lc. 

For a cloud of uniform pnrticlce Lhe sett<ling dala 
plotjtecl as the log:~~,rillun of tSlic: fraction of t,licb ini- 
tial airborne charge against, timr: iw a straight line, 
of which the slope is proportional t>o thr: p:uLicle 
density and to tllc\ square of tllc particle tliamcter. 
It may be int’crrcd, therefort:, that, R #traight line 
settling curve implies t,h(: existence of particles of 
uniform depofiition or impaction characteristics; 
whercan a curvctl line implies the exiti;tc:nc:c: of non- 
uniform particles. The smnllcst slope: is associat,ed 
with particles least likely to deposit, 1)~ impaction. 

The ch:LrB(:t,cl’izat,iorl of :tcrosols by optical methods 
has been c:xtr:nsively studied at, Colr~mbia IJnivc?r*- 
siLy.l A tit>atistical diameter suital&: Ior comparixon 
can be ot~tained from the scattering power of :L tic- 
posit of the aerosol which 11:~ hccn allowed to srttle 
upon a clean gI:~ss slide. P’or use in the: I:&orat#ory, 
thiH method yi& information on t)he r~tc: of settling, 
particle density, relmctivc: index, and Hizc distlribu- 
tion of any aerosol. 

Some: further indication of tlic: irnpact,ahilit,y ol” 
aerosol particles is ol)Lained by t11(: use of the: cascade 
impactor, a sampling device in which air is drawn 
through a series of four orificcn of decreasing cross- 
sectional area; after each orifice the air impinges upon 
coa,tc:d slides.‘:’ The larger particles impact upon the 
slitlc in the lo\\,-velocity chamber. A# the impinging 
velocity is incrcnscd by &creasing the orifice size, 
the smaller p:&iclcs are collected. A representative 
diameter may 1~: detlerminc:d by comparing a chemi- 
cal analysis of Lhc mass of agent collcctcd on each of 
the four slides with a calibration of t,hc instrument,. 
The calibration must be pcrformetl wit,h a material 
having aggregate densiticls similar to those of the! 

sample, otherwint: the variation in nggregatc tlcnsity 
will obscure the true diamet,c:r dcterminat,ion. 

The average equivalent, diameters cleterminr:tl from 
relative impactability ineanurcments must, bc supple- 
mentatl by measurement of the actual dimensions of 
the airborne particles. This is done by microscopic 
examination of the cascade impactor slides, or sticky 
rods, slides, and other objects ~lpon which tllc: aerosol 
particles are aollect,etl.2 The data are exprcxsed as the 
distribution of mass within the limits of particle size, 
A sample may be characterized by its MMD. This 
diamrhter is visually approximatlecl by ttic: tliametler 
corresponding to ?d Z ‘uL#. Refinemr:nLs in this ap- 
proximnt~ion have Loen made at t>h(b University of 
Chicago ‘I’oxicitlg Laboratory in which corrections 
arc made for nonsphcricity and variaLions in density.“; 
Since t,hc particlen and aggregates found on an im- 
pactor slide arc: noL spheri4 ant1 are of varying 
density, the mean di:tmet,er from Lhe summation may 
he plotted against, t,lie cumulative per cent, of thp 
mass tlolermincd analytically on each slide :mtl the 

value: corresponding to 5W/,, of the mass is tlct,er- 
minctl. This is called the: VMMD and is :I. closer ap- 
proa& to th: true nmw 

‘I’hr size distribution of a sample of agent, as 
charged to the munition, is l’ound by the microscopic 
examination of the ngc:nt dispersed in a fluid and 
spread upon a slid{:. A small sample of the powder ix 
dispersed in a mobile liquid (buL:~noI) by stirring 
mechanic:ally at, a high spend. Tlic dispersion is 
stabilizctl hy the: atldition of :I thickening agent, such 
as Cnnatla balfiam, and a small amolm t, of the ~ur;pcn- 
sion is spread in a thin tilrn l)c:t#w-cen a clean filidc and 
:I. cover glans. A represcnLative area is th:n scanned 
to observe H. silficient mmiber of particles (500 to 
5,000) to evaluate propc.r.ly t,he median diameter. 
Becrtusc: the mn,ss of :t single lnrgc particle may I)(: 
equivalent to thousands of smaller ones, cart must be 
taken to obscrvr a truly rnpresentlativt gro~rp of 
pnrtic:les.14 

35.32 F’icld Rssassnicnt 0 f M II nitions 

In field trials, the relative impactability of the 
:~crosol is dclcrmined fro& downwind total dosage 
samplers. ‘1’1~~s~ may hc filters or impingcr’s. The 
lat,ter arc samplers inlo which t,he aerosol is drawn 
through a horizontal tuba facing upwind and trapped 
in a suit,ablc inert liquid. The dosage is c?xpressed as 
the concentration-time product [Ctr]. The perform- 
ance of munitions in tlispcrsing solid ngc?nts may 1~: 
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compared by the st,andard dispersal figure [SDF], 
which is ~11~: actual cross wind integrntcd Ct expmssed 
as a percentage of the ideal gas cross wind integraLc:tJ 
Ct as comput,ed by means of the: British gas slide rule. 
This figure: is auitablc only for similar fiicld trials. 

The ficltl nssessmcnt of particle size distribution is 
performed, as descrihctl above, l)y using cascade irn- 
pactors and impinging surfaces for microscopic ex- 
amination. The sampling rates for cascade impactors, 
filters, and liquid impin&:rs are adjusted as nearly as 
possible to provide isokinotic sampling conditions. 
The: overall criterion in sclccting a11 agent-munition 
conll~ination is basr!d upon the: quantily of effectively 
dispcrscd active agent which can be applied l)y a 
sin& aircraftI. This involves adjusting the dirnnn- 
aions of the munition to the munition performance 
and to 111~: bomb-rsrrying eqliipment in the aircraft 
to get tlic rnaximurn c+Yectivc use of tlic aircraft as 
well as of the agent. 

35.4.1 British Work 

Most of t,he early work on Llic dispersion of soli~l 
powders as particulat,e aerosols was dent: by the: 
British.‘R, ‘E’ The: llombs used were, for t,he most, part,, 
c:xperimentIal modifications of the: British 30-U) LC 
Mk I chemical l)omb which had a ~-RI, 12-0s burst~~ 
of SO/50 Amatol cast, into t,hc: nose, an(I ia cap:&y of 
22 1. The modific::ttions of this bonih, made for dis- 
persing solutions and suspensions of Idic solid ag:.(:ntJs, 
were as I’ollows. 

I. The IIa?/ bomb which conLained a small axial 
TNT bursLr:r of t>he t)ypc: used in lhe stIand:lrtl 250-11) 
LC> bomb. The (*a~(? for thcl SO-lb bomb was cut off to 
about, one-hall Lhc original length so as to fit t,lic 
Icngth of the burstSer. Tl 1~ chemical charging was 
thus entirely in Lhc annular space. 

2. The: T&&be-L)ay bomb, for \vhich Lhc: burst,erwas 

txice the length of the st8andartl burstor for the: 
250~lb LC l&b and was approximately as long as 
the SO-lb bornh itself. The burster contained 9 I7 g of 
TNT. 

3. The? Whylluz~(:ra~ bomb which contained a 
mrlch hea,vier burst,er of 7 lb 12 ox TNT extcading 
the full lengt<h of the SO-lb LC: bomb, leaving only a 
small annular space for thn chemical charging. 

No attempt was made to disperse solid powders 
wit,11 these high-explosive bombs. A strries of field 
trials, mado at Porton ExperimentSal Station in 1942 

wit,h aqueous solutions of W and suspensions in car- 
bon tetrachloride, showed that let,hal dosages could 
he set up by a single small bomb. The dispersion 
efficiency, however, was quite low! amounting to 
about 20%, when the HE/chemical ratio was 0.2, fall- 
ing to about 5{y0 when the ratio was 0.5, and to O.BO/;, 
wlml the ratio was 1.5. The loss of activit,.y with large 
amounts of explosives was partly due to Lhe destruc- 
tion of the poison. Since it was noted that, the initial 
explosion was followed by a secondary flash, it w:i,s 

presutncti that at least part of’ the destruction of the 
agent, was due to inflammation. 

35.4.2 Dcvelopmcnt of the Gas- 
Ejection Romb 20- 21 

The possibility of dispc!rsing th(h dry powder by 
means of gas ejection, in order to avoid the mochani- 
cal shock- and thermal cL?tosificat,ion of the most 
sensitive age&, was explored at, the M DL. ‘1’11~ gas- 
c:j&ion p&iple involved Lhe introduction of the 
gas from tt suitable mservoir under high pressure 
in to a compartment rontJaining the powdnred agent, 
until suficicrit, pressrrrc: was built, up to rupture 3, 
shear diaphragm, thus rnleasing the gas-agent, mix- 
ture. The dimensions of Lhc initial cloud could be 

controlk?tl by the: use of a suitable deflector on the 
tail of the bomb. Without, a deflector, the bomb 

formed a cloud 30 to 40 ft, high, whereas, with a de- 
flect#or, t>hc: initial cloud was not more thnn 12 to 15 ft 
high. 

In the early c:xperimc:nts on this type of bomb, the: 
gas 1~3,s introduced slowly int#o t,hc? agent; compart- 
rncnt, with the: expectation that Lhc solid would be- 
come aerated and thus rnore easily dispcrscd. Re- 
lease prc:ssures l,~low 400 Lo 500 psi gave poor dis- 
persions, while pressures ahout, 000 psi gave excellent 
dispersions of egg albumin suspensions. 

This rnc:t,hod of tlispersing dry powders was al;;o 
usctl for dispersing small quanlitiec; of toxic: materials 
in the: lsboraLory.3~ 4 Hcrc it, was found that increas- 
ing the: release pressure ilp to I ,500 psi would improve 
t,he results, buL for pracLic:d purposes the lirnit,ations 
of the weight of metal for the gas rest?rvoir lirnitcd the 
pressurc to 600 psi. 

In later work at the MDL, the time of aeration of 
the solid was reduced until finally a double-com- 
partmcnt, bomb was used in which the gas was re- 
leased inst,antaneously into the agent compartment, 
by the rupture of another shear disk; separating the 
two compartments. This disk ruptured at a higher 
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TABLE 2. Chamber tests on munit,iow for dispewing solid particles. 
._ .-~1-e--- ti-. -WVB-=.-_. ” ..___ 

Modification of homb “._-.L_ ,. _-- 
Weight R&o exi I 

Albumin of area to Releaat: Cylinder 
RllIl sample charge Diffuser al’w 0 f pretrsurc pressure Per cent airborne* 
No. SF IL tahe bomb IMlector lb/sq in. Ih/sq in. 5 min 11 rnin 28 tnin 

-- 

C-39 
C-38 
C-10 
C-42 
c-44 
c-45 
c-47 
C-48 
c-49 
C-52 
C-53 
c-43 
c-59 
C-60 
C-61 
C-62 
C-63 
c-64 
C-65 
C-66 
c-67t 
C-68 
C-69 
C-70 
c-71 
C-72 
C-73 
c-74 

-___ 

CA-3 
CA-4 
CA-5 
CA-7 
CA-13 
CA-20 
CA-21 
CA-22 
CA-23 
CA-24 
C: A-30 
CA-33 
CA-34 
CA-35 
CA-36 
CA-37 
CA-40 
CA41 
CA-42 
CA-43 
CA-44 

167DC 390 
325 

170B 255 
17OLr 265 
17oc 265 
17OC 280 
17OC 295 
17OC 325 
17oc 345 
17OC 355 
17OC 310 
172 (yeast,) 195 
174A 342 
174B 315 
174B 325 
174A 300 
174A 330 
174A 330 
174B 300 
174B 330 
174H 290 
174B 290 
174B 320 
174B 320 
174B 140 
174B 213 
175A 320 
175B 300 -- 

170A 210 
170A 210 
17OA 210 
170A 240 
17oc 215 
17OC 268 
17OC 270 
17OC 267 
I7OC 269 
17oc 275 
17OU 415 
174A 350 
174A 310 
174A 350 
174n 310 
174A 315 
174A 32.5 
17448 325 
17-1-A 320 
174A 820 
I74A 330 
174R 330 

No 
YW 
NO 

ii:: 
No 
NO 
NV 
No 
No 
No 
NO 
NO 

Yen 
NO 

Yes 
NO 

.Yes 
Yes 
NO 
Yes$ 
Ycsf 
NO 
NO 
No 
NO 

.i: 

A Co, Bomb 
1 No 600 
1 NO 600 
1 NV 600 

j, 4 orificefi tin0 
1 NO 600 
1 COIliCHl 60 
1 NO 600 
1 
i; PointeYLk,nl E 
1 Conicnl 20 
a Fla,t 20 
1 NO 600 
1 No 600 
1 No 600 
1 NO 600 
1 NO 600 
I NO 600 
1 No 600 
1 No 600 
1 NO 600 
I NO 600 
1 NO 600 
I NO 600 
I No 600 

1 No 1 No El: 
1 No 600 
1 NO 600 

. . . 70 

. . . 86 

. . 40 

. . 30 
. 53 

38 
50 

I . . . 40 
. 43 

, . , 26 
. . * . 40 
. . 20 

. 41 
48 

. . . 29 
. . 15 

. . 25 
40 
50 

. 60 
. 60 

. 65 
. . 70 

70 
. . . . 
. . i: 

. * 50 
. . 30 

40 II 
54 19 
30 14 
19 7 
35 13 
26 9 
34 Il.5 
29 11.5 
28 16 

.:o” 1; 
11 3 
20 5.5 
31 13 
15 2.5 

7.5 2.5 
18 6 
30 9 
35 14 
36 16 
46 20 
50 21 
50 18 
52 20 
40 18 
52 23 
36 15 
19 12 

. 
. * 
. . . 

. . . 

. . . 

. . 

. . . 
. . 
. . * 
. , . 

. 
. , . . 
. . 

. . 
f * * . 
. . . . 
. . . . 
. . . . 
. . ~ 
. . . . 
. . . . 
. . * . 

B Air Bomb 
No 405 
No 270 
No 135 

4 orifices 280 
Flnt 

Pain (cd 3i 
NO 400 
NV 400 
NO 600 
NO 800 

Flat 200 
Perforxkd cap 400 
Perforated cap 400 
Perforated cnp 400 
Perforated cap 400 
Perforated cap 400 
Pcrfontted cap 500 
Perforxt,ed cxp 500 
Perforated cap 500 
Perforated cap 500 
Perforated cnp 500 
Perforated cap 500 

4,100 
2,100 
1,200 
2,100 
3,000 
3,500 
3,500 
3,500 
3,500 
4,000 
3,200 
4,000 
4,000 
4,000 
5,000 
5,000 
4,400 
4,400 
5,000 
5,000 
5,ooo 
5,000 

3’ I I, 
41 

;; 
16 
26 

9.5 
24 
19 
25 
21 
10.5 

40 
18 
IX 
25 
44 
16 
45 
25 
38 
37 

11 2.5 
14 2 

7 2 
18 a5 
12 6.5 
11 5 

t 1 
16 r 
12 2 
18 6.5 
16 7 
14 5.4 
27 8.5 
12 4.8 
14 6.7 
21 11.5 
25 7.7 

2: 
2 
8 

14 5 
25 11 
23 8 CA45 

+ From best curves (on log C VB t plot) drawn through concrntrationx determined by filters at 4 to 8 min. (I to 15 mill, 16 to 24 min, and 25 to 
36 min. Two samples were take11 simultaneously at 5ft level nt two pointii in room. nt 25 Ipm. Uniform concentration of cloud in the room WBLL 
assumed. 

+ BeginninE with run C-67 lenks from tho room wore l a+lod. The pcrcentxgc of the charge airborne tit 28 min wa8 noticeably increased. No CA nm~ 
~BTC made after thk tims. 

t Diffwer 8 in. long with 40 h&a about & in. in diameter. 
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TABLE 2 (Continued) 
-s-m-= -=.=.-z.- -. .- -- - .~~..- -. T_ m- --. .- - 

Modificnlion of bomb - -.-,-.. - .-- 
Weight Knt,io exitf 

Albumin of area to Rekafie 
R.un 

Cylindcl 
RtlrnplP “hip Yiff uscI area of p-e~slwe prcsaui-e Per cent airborne 

NO. SF B t\1he bomb Z)eRectoi lh/sy in. Ib/sq in. 5 min I I min 28 min 

C /,-lb LC CJnnadicm Bomb $ 

I 167JK 770 . . . . . . . . , . * , 34 27 16 
2 17OA 645 . . . . . . . . . . . . ,... :::: 30 24 15 

--..-_. - .-, --- --.,_-,“,-..-, .- ,.__-,- .-...-., __,, _-~ 
D Tests i~t Firing Pit at I)ugwq Prosing Brorrnd’~’ 

Cardox CO2 wnit 
MW-31) “W” 298 . , 1 No 600 . 10 6.5 3.5 

470- 
IXM-199 

.Expcrirnenlal air bomb 
MW--3C “W” 508 . *. I NV MM) , 12 7.5 3.5 

47O- 
BM-199 

4-h 1.X Canadian I~omb 
W3 “W” . . . . . . . . 18 10 4 

47% 
IjM-199 

- - - -._- -_“-,-.-_- ,-““_-. _-.. - ,,--- --1--“-,-I.- 
4 Fired in room 30x100~15 ft. with bomb surpe~Icd rj It, off flour. 

TABLE 3. Powdered egg albumins used irl tests on dispersal efficiency of bomhc: at, Munitions Ikvclopmcnt L&oratory 
supplied by t,he duPont> Company.” 

-. ~.-~~~:----= 
Particle size dislribui,iorl - - .-., .- 

Per cen1 by weight Mcdinn dispersibility 
1 Iesignntictn bd(JW dhletf!r wt in gas- 
of albumin Prrparslion 0 5p lh 2% dinmcter ejection bombs 

-.- --I-.- -“,- “. ..- .,.-.. -.--“-----,- 
SP-150 Pebbk rnillcd 48 hr in ASK,* unt>reated, micro- 

pUlVOt3Zt2d 3 27 56 100 8.7 GOVd 
SP-Y 52 Steel ball milled 48 hr in ASK, nnt rent&, micro- 

pulverized 3 34 76 100 6.6 Good 
SP--154 As above but. treat,cd 1 y0 diglycol Inurxte 2 30 76 100 6.8 Thd 
SP-156A &ccl ball milled 72 hr, ~mbrentcd, micronized,, 

CyChl~ C(Jkted 2 39 X8 100 5.7 Poor 
SP-158X S&l ball milled 96 hr, trentcd ?iyO soya lecithin, 

micronized 3 times, produck combined 8 70 100 . 4.0 Had 
SF--167DC: Rt)eel I~:~11 milled 48 hr, untrenbcd, micronizcd for 

4 timea, cyclone collected 1 37 98 100 
E:E 

Excellent, 
SP-170A 

i 

12 71 !)8 100 Very poor 
SP-17OT< Sleel hall milled 96 hr in ASK and micronized 50 100 . , . 2.0 Excellrt1t: 
SP-I 7OC lF( 76 ioo .., 3.4 Good 
SP-172 Yeast, micronized (one pass only) 50 100 *. 

::: 
2.0 Poor 

SP-174A Same as SP-167DC 30 100 . . 2.5 Excellent 
SP-174R Same as SP-167J>C! 30 100 . . . 2.5 Excellent, 
~ .--. -I--.,-“-.--,.-_-“.--“---,-. 

* Atlnntic Sltfrt,y I&en - naphtha and chlorinnted Lydrowrbona. 

TAISIX 4. Comparison of gas-ojectinn bombs and plastic bombs based on dispersion and stowage cfliciency. 
I-.~ --- 

No. of Per cent Weight, (g) Wt agent .Wt agent 

Bomb 
-- ..- 

Gasejection 
Plastic 

5Ay0 albumin in acetone 
Plastic 

35y0 albumin in Ccl, 

wt bombs wt wt airborne airborne Total wt 500-11) 
empty per #IO-lb filling agent at at bomb cluster 

g clust+?r g R 50 min* 50 min* g/g g 

2,400 38 350 350 4.12 14.4 0.128 13,400 

450 110 350 193 4.70 9.07 0.241 21,250 

450 110 483 170 3.2 5.43 0.183 1x,700 

* These two columna are cumparisoss based upon awrage t&s using egg lrlbumitl in a sthtic chamber. 
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good dispersibility in the CO2 unit, but yeast of equal 
fineness was much lnore difficult to disperse. The 
albumin SP-lG7L)C was the easiest powder to dis- 
perse and had an MMD of B microns. This was a 
relatively harnogcncous sample with t,he over- and 
undersize materials rcmovecl in a classifier. 

Field trials at, I)ugwny Proving Ground 23 showed 
that the coagulation of t>hc particles at, high concen- 
tration was most exknsive in the ccntor and more 
concentrated portion of the cloud,and t,hnt, when the 
cloud was produced from a group ol bombs fired suc- 
cessively in a slow ripplr: manner, the cougrllution was 
1~s~ than from a similar group of bombs fired sirnul- 
taricously. The Cnultaneous functioning of two 
groi~ps of five: of the air units, ca(:li containing 350 g of 
dry albumin, is shown”’ in Figrlrc: 4. Ground loss in 
the immediate virinky of the bombs was negligible, 
but some alhurnin was observed to have been de- 
posited on the gratis and on thr vpgctation as the 

cloud swept, by. 
The TIugway resells showed that neithc>r the: air 

bomb nor the CX& bomb denatures W. The Canadian 
Ml> IL: \)omb also gave IiLtk or no tleil:ltllr:l,t,ion.‘” 
This bomb produced aerosol clouds similar Lo Lhose 
from ttic: gas-c:ic:ction bomb but gave n greater ground 
losr;: of 12~: :tgcntJ, due t>o the I’OIW: of t,he explosion. 

35 .1 A Tkvelopnicnt ol’ the Plastic 
Borrlb 24 

‘1’1ic possibility of using tlic: lightJ\zeigh t plasliv 
bomb, cLsc:ribcYl in ( :hapter 34, for Lhc dispersion of 
volat,ile suspensions of W was suggrslrd wticn it was 
shown in field t&s that dry W was not as (:asily de- 
natured as had 1333~ c:xpc!c:t>ed. Preliminary tests at, 
Dugway Proving Ground I” showed that, suspckons 
of W in c::arbon t8etrachloritL: could be dispersed wills- 
out tl(~ri:lt,urnt~ion, if a nilrogu:lriicjine burstcr was 
usntl. A I:l,t,or:bt,ory st~rldy of 111~: fact,ors involved in the 
dispersion of powder suspensions irl liquids was made, 
using egg albumin as a siniulanl. It, was found that 
tht? more concentrntcd the: suspension was, tllc: bcttcr 
t>he dispersion olkaincd, up to a concentration just 
suficient, t,o wet each pa&h:. Of a numhcr trf organic 
liquids used for t<lle suspension, acetone and cttrhon 
tc:t,rac:tlloritlc gave the best results, and hexane :tncl 
chloroform were somewhat poorer. The texture, 
fluitlit,y, and appearance of these suspensions varied 
with the liquids used. For example, 40(%, all)urnin in 
(#arbor1 tetrachloricle is much less fluid than 55’7/O in 
ac:c:t,onc?. The desirable physical properties of a liquid 

to give good dispersion arp high volatility, low vkos- 
ity, low den&y, and, possil)ly, low surface tension. 

The: nitroguanidine bursters usd in the plastic 
I-,omb varied from ?d in. to 36 in. diameter. Better 
dispersion cfkniencies were obtainrtl with the larger 
l)urstc:rs. An att(:mpt, was made to inr:rt?ase the weight 
of the explosivca in the burster by consolidating the 
nitroguanidino und(:r pressure. This lctl to erratic 
initiation ant1 low-order detonation of the: bursters. 
When iL was tlisc:ovt?rc?tl that, Pentolit,o I)urst,ers also 
did not se&&y denature W, it was dccitlcd t,o use 
this explosive in the field t&s on the bombs. 

Table 4 shows a comparison between the p&kic: 
bomb and the gas-ejection bomb on the basis of 
lvvcight, dispersion efficiency, ard stowage. The best 
overall c:fic:ic:ncy is given by t,lle plastic: bomb filled 
with a conc:c:ntrat,ed acetone suspension. The air- 
bomc particles tlisprrsed from slqcnsions in the 

plastic bornI> consisted of rather firmly bound ag- 
gregatcs, gc:ric:rally smaller than t#liost: from the gas- 
ejection bonll). Microscopic examination of tht: aero- 
sol particles sl~owc:tl t,hat, t,here were many mart! 
unit,ary particles from :t suspension t,lYan Ir~rn Llic: dry 
powders. 

35.5 .FTELD TESTS ON MIJNITlC)NS 

A series of field tests WRS made in thr Spring of 
1945 at, the Canadian Field Experimental Station atI 
Sufi.eld, Alberta, t#o cornparc t,he dispersion of sc:vt:ral 
dry agc:nts and suspensions in tlic various munitions 
which havtx been described wiLli hsf: from Rritish 
munitions tl~vc:lopc:tl for the same puq~)st:.‘~~ 2h 

Duplicate InynuL l,c:sts were performctl to corripnre: 
1. The dispcr’sion of dry W from tIllcb gas-cicction 

bomb (air unit) with tllal from t>he Xufield 4-111 I,(: 
bomb, both fired statically. 

2. The dispersion of 35’g suspensions of W in 
(.X.I,I from the plastic: boml) Ah t>hat from the WI) 
Mk I (Porton Type F) HE/rbhc:mical bowh, lmth 
firt~l st,atically. 

3. Tllc: tlispcrsion of spray-dried, air*-ground W 
from the gas-c:jcc:tion bomb (air unit) with t,hat from 
the Sufficltl 4-111 I,(:: bombs, both hornhs being 
launched from invc?rt,c:tl mortars a2t their ostirnated 
terminal velocities. 

4. The dispersion of 35y0 suspensions of W in 
CCl, from the plastic bomb with that from the (Type- 
11’) HE/chemical bornl), both bombs being launched 
from inverted mortars at their estimated terminal 
velocities. 
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Total dosages were obt~ainecl hy means of glass im- 
pingers as used at Porton. Parlicle size data were 
ohtsined from c:aticarlc impactors, sticky rods and 
corttjt?d slidtx. So-assays were made by exposing test, 
animals t,o the clouds. All samplers werrr lo&cd on 
an arc 50 ytl from t,he bombs. The bombs were com- 
pared on t,llr lx& of tJhc: standard dispersion figures 
and 11~: volume-m:I,ss-n~t:tlian diamet,ers [VMMD] 
of the part~iclcs in I !W clouds. These are shown in 
‘I’al~lr 5. 

Tnnr.~, 5. Comparison of munititrr~~ for dispersing W. 
-“- .- - -.--.- 

VMMD of clouds 
---- 

The dirncnsions of the initial clouds from all bombs 
wcw IO to I5 ft high and 20 ft, in diameter. At 50 yd, 
the clouds were 20 t,o 25 ft, high and 60 t80 65 ft wide. 
Grormd contnminat8ions wertb negligible for the? 
suspensions ant1 apprcxiabb: for 111~ dry chargings. In 
:~ll casts, the clouds contained unit<ary partJiclos ant1 
aggregates. The munitions dispersing dry powders 
gave t,lic coarsest aggregatxs, arid those diqcrsing 
suspensions gave: the largest, numbers of unitnry 

particles. About, I9’i/ of the dry agent and 30~j’, of thr 
suspended agent were dispersed as unita.ry particles. 
Litt,le difference was noted in t,hc? st,ructural charac- 
txrist#ics of the aggregates from t,he two Lypcs 01’ 
chargings c!xcept that the aggrcgatcs from suspensirme 
mere denser. 

A test to compare t’he plastic and Type F t~ornl~s 
for thr\ dispersion of the l,act,eriologic:al agent [J in >L 
water slurry of micronized peat ahowcd no measura- 
ble tliffercnce in performance. Heavy ground cm- 
tarnination was observed in the vicinity of both 
botnlx Wher tent,s in which acetone susptxlsions of 
peat alone were dispersed gave negligible ground 
contamination. 

The following conclusions rc:gartling the dispersal 
of solid pnrtSiaulatNe agents werr: reacllcd on the basis 
of lhese &ts: 

1. Solid particles may 1~ dispersed more efb 
cientJy from suspensions in the proper liquid using 
high-explosive munitions than in the dry form from 
any ,available munition. 

2. The plastic l,ornl) is as efflcic!nt~ :.IS the metal 
8PD Mk 1 lx>rnk of similar size and shape, with U- 
gard t,o part,icle sizq and is slightly less rfficient, than 
t>he m&,1 bomb wit>h regard to SDF. This diffcrenct~, 
however, is \+%hin the experimental acrrrracy of thcl 
twtBs* 

3. The 4lb light-case l)omb is sonlcwhat, bett,c,r 
tJh:m the gas-ej(x$ion bomb wit,h respect, to both 
particle size arltl SDF. 

4. Thr: performancr: of tllc: munitions is strongl! 
iriflricnc~ed I)y t8hp n&urc: of tllc cliurgings. 



Chapter 36 

DISPERSION OF HERBICIDES 

Ry H. F. Johnslonw :md TI. C. Wcingartnrr 

I T IS WICLL KNOWN that them are certain organic 
chemicals which, mhcn present in the soil in cx- 

trcmcly low conccntrat,ions, can d&roy or prevnnt 
the maturing of plant lift. The br:st known of t,hexc 
an: 2,4 t~ic:hlorophenoxy-noetic uoid anti its sodium 
salt. The possible use of these materials, as a chemical 
warfare agent, to destroy essential crops on the 
Japanesr: mainland and on thr: by-passed occupied 
islands, was given close considerat>ion during the last 
year of World War II, and t,hr: development of 
methods of dispersing the agents was proceeding 
under high priority. 

The nature of the agent permitted its application 
in the form of a solution or as a granulated solid. The 
methods of dispersion available were (I) spray of 
aqueous solution; (2) dusting of powdered solids; and 
(3) aimablo airburnt projectiles for either liquids or 
solids. Tactical restrictions required that the aircraft, 
rolcase the agent, or munitions containing the agent 
~~CJW 500 ft or above 5,000 ft. Low-altitude attacks 
were considered for small targets to be treated with 
liquid agents released from existing available spray 
equipment. I>usting mathods were not considered 
because of thr: lack of proper cquipmcnt in the com- 
bat areas, and because of the short time available for 
I;he development of equipment,. For large target 
areas, i.e., rice paddies, emphasis was placed on the 
dispersal of the solid agent from uimablo airburnt; 
projectiles. 

This project was the responsibility of the Special 
Projects Division, ASF; the organization to which 
NDRC assistance: was directly given was Camp 
ljctrick, Technical Department, in whose files de- 
tailed reports covering this work are t,o be four~L 

36.1 YKlNCTPLES 

The problrm in dispersing a solid agent is t,o apply, 
as uniformly as po&ble, the desired dosage of agent, 
over the largest possible arca in the: proper physical 
condition and form to be effective. 

The travel of solid particles relcaxed above the 
ground is similar to the: travel of droplots of thickened 
liquid agents already studicd.1 It rnay be assumed 
that the granules quickly reach their terminal settling 

velocities rclativt: to the air, and are accelerated to the 
horizontal wind velocity at ovcry point in their paths 
to the ground. It follows then, that the distance n 
which a given particle falling in still air travels down- 
wind bet’ore reaching the ground is proportional to 
the height of release above the ground h., and to the 
resultant wind velocity 21, and -is inversely propor- 
tional to the settling velocity of the particle ‘lc, or 

(1) 

where L = a constant. 
The length of a pattern (parallel t,o the resultant 

wind) is proportional to the vh product and depends 
upon the rclativc settling velocities of the largest, and 
the smallest particles rcleasod. 

11 = Dm;tx - Dnnin = lCvh(;,i;- it) 7 (2) 

where ZL,,) in, ihax = settling velocities of small& and 
largest- particles respectively. 

The distribution of agent along the pattern Icngth 
is determined by the particle size distribution in the 
agent charge. The widt)h (crosswind dimension) of a 
pattern from an airburst munition depends upon the 
vh product,, but, to a lesser degree than the down- 
wind travel of a particle. It, tends to approach a 
maximum as vh is incrcused, and within the limits of 
proposed tactics may be assumed to be betwren 
100 and 250 yd.’ 

36.2 DES I RED 1’AKTlCIdC SIZJC 
DIS’I’RIIl U’l’lON 

The upper particle size limit was dctcrminc:d by a 
consideration of the relation botween uniform gross 
contamination density and particle size in tt given 
charging, for upon this relationship depends the rat,c 
of solution and c:oncent,ration increase of agent in t,he 
water of the t,arget rice paddies. On the basis of 
laboratory experiments, thr: upper size limit was 
established to be about that, of a particle which just 
passes &mesh screen. The lower limit was chosen to 
include all particles falling in a predictable manner 
nntl not carried excessive distances by the wind. This 
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Rmi~nmnl Desired 
Rim of Avern~e wt Settling &tlirlg curnulrttive 

Screen siw trpcrlirlg per pnr%icle whitmy velociOy weighl 
IJ.S. Stsrl mln rng I/ fO/rscn l/u snc/fl, per cc,, t, 

-.- .- 
24 x.00 235.0 IS.7 0.0535 

3 6.73 167.0 17.5 0.0572 
‘7 7’ 5.66 100.0 16.0 0.0625 . * 

4 4.78 e5.0 14.3 0.0700 
5 4.00 41.0 13.7 0.0731 
ti 3.36 26.0 12.6 0.0794 0 
7 2.83 I6.6 Il.8 0.0X48 !I.0 
8 2.38 10.5 10.9 0.0917 19.0 

10 2.00 6.7 10.0 0. IO00 31.0 
12 1.w 4.2 9.3 0.1075 42.0 
I4 1.41 2.6 PI.,5 0.117x 57.5 
16 1.19 1.7 7.9 0.12BG 70.0 
1X I .oo 1.1 7.3 0.1370 85.6 
20 0.x4 0.68 6.X 0.1470 100.0 

limit, was set arbitrarily at, 20-mesh, since the diffi- 
cult,y of controlling particle size distribution in- 
ereascs as the size decreusos. 

The crosswind concentration gradient, follows the 
normal dixt,rihution law. As the valuct of vh is in- 
creased, this gradient decreases and the cnnccntra- 
t#ion or dosages become more nearly uniform. 

Assuming a constant average crosswind contamina- 
tion, the particlc size distribution, between set, limits, 
Lo give a uniform downwind dosage may be dctcr- 
mined. This relationship requires that the cumulat,ivc 
weight per cent of the agent must vary linearly along 
the length of a given pattern. If a graph of this relu- 
tionship is plotted on r&angular coordinates, the 
lint must, pass through the points: cumulative weight 
per cent, = 0, length = 0, and cumulative weight per 
cant, = 100, 1, = L. For a given valuc~ of oh, the 
Icngth is dct,c:rmint!d by the settling vclocilics of the 
extremes in particlc size as shown in equation (2). 
The values of I/,u,,,:,, may be substituted for L = 0 
md I/zc,,,~,, for L = L. The equation for the: fitmight 
line relating the c:umulutivc? weight per cent to tllc! 
settling velocity (and consttquent,ly the particle size) 
t,hen is 

CumulaLivc weight per cent = 100 1 /?A - l/~ulllnx 
1 /Umiu - I/&,,, 

I 

(3 
where the cumrllativc weight, per cent, comput,ed is 
that percentugr of the agent, as charged, bctwccn 
sizes corresponding t,o settling velocities z~,,~~,~ and IL. 

The relationship between screen size and settling 
velocities must bc dctc!rmined experimentally for 

each type and form of agent, t,o be used. Table 1 shows 

this relationship for a typical batch of granular agent 
together with the size distribution computed as 
described. The terminal velocity data are taken from 
a smoot,ti curve correlating the cxperimcnt,ally mcas- 
urcd terminal velot:it,ies of carefully scrooncd frac- 
Cons of agent, falling through relat>ivcly still air 
against the average particle size. 

36.2.1 Muni Lions 

Munit,ions were dovisetl mtl t,elrted for the purpose 
of dixpcrxing granular agents. 

1. Thr Type A cont:&r con&cd of a modificd 
shell of ttn M-16 cluster adapt,cr (Ordnance) conLain- 
jng four cylindrical cloth-bakelite molded agent con- 
t>ainers, each about 13 in. in diameter and 734 in. 
deep. On release from the cluster at a predetermined 
time, the four containers were opened by means of 
stat,ic lines secured t,o the adapter shell. This muni- 
tion car&d 125 lb of the granular agent sliow~~ in 
Table 1. The four containers were employed to pro- 
vide sevcrul points of rclcase t,o minimize the con- 
ten trating effect of a I’&w: from a point, source. 

2. The Type B container consisted of a single sheet 
metal container shaped to fit the curved contours of 
the MI OAI. cluster adapter in which it was held. 
IJpon release, the container was split into three 
longitudinal scct>ions by the explosion of strands of 
Primacord. This container carried 200 lb of the 
granular agent. 

It was observed that, the dispersion from the Type 
B container occurred over a continuous finite dis- 
tancc. Since this tlcvicc: was sirnplcr, choapcr, more 
easily obtainable, and since its agent, capacity was 
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grautcr than that, of the Type A containers, it, was the 
only one used in subsequent field tests. 

Field test,s were conducted by the Granite: Peak 
Installation at, Dugway Proving Ground. ‘WC rnuni- 
Cons were dropped from a Mitc:hc:ll B-25 hornher 
flying parallel to the resuhant, wind and from an alti- 
tude sufhcicnlly high to allow t81ic:m to lose most of 
their horizontal velocity components before func- 
tioning. Tlic munitions wcrc functioned over a wide 
range of wind velocit,ic:n :md heights of burst. MCI,+ 
orological data were taken at t,he control point and 
t8tio necessary information was tranamil,t,c:tl to t,lie 
aircraft,. The aiming point, on the salt, fla,t targc:t arca 
was identified by a black smoke signal. The: hcightx 
of burst were dc?t,c:rrnined by the use of Llicodolites. 
The resultant winds were measurctl a* thr munitions 
fell. 

A referoncc: point was establishotl in the approxi- 
mate contcr of the ground puLtcrn. From this poinl 
by means of transit, arid stadia board, ttic pattern 
boundary, the vertical projection of the: point; of air- 
burst, to the ground, ant1 the sampling poinLx, wrre 
locat,c:d. 

Within the pattnrn, the concentrations wcrc mens- 
ured by determining t,he mass of agc:n t in a given 
arca. Where possible, the particles wcrc picked up, 
counted, ant1 wcighecl. Where t,hc> part#icles were too 
small to 1,~ picked up they were counted and th(G 
sizes estimated visually. An cqcrimentally tlnt,c:r- 
mined roltttionship hetwccn avt:ragr: parCcle sizc?s :d 
weights permit>tchtl cstimationx of the mass of the 
small particles (see ‘lX)lc 1). 8ampling points were 
sc:lrc:led t,o scan tlic: cntirc pattern and to give 
representative c&nations of t<he dosages. Depending 
upon the patt,crn size, from 30 to 60 samples wcrc 
t,aken. 

Screw No. Cutrlul:rt,ivr weight per ccrlt, 

U.S. al Tksircd Actuul 

4 0.0 -- 0.0 
ti 12.0 17.5 
8 28.0 48.0 

IO 3!).0 76.0 
12 49.0 77.0 
14 62.0 85.0 
16 73.0 89.0 
20 IOO.0 93.0 

The cont,arnination densities and avcmge particle 
sizes wert: plotled on a scaled diagram of the patterns, 
and constant, dosage cont,ours w(‘r(: drawn. The areas 

covcrcd by various dosages, the overall pattern 
dirncnnions, and the distances from projcctod point 
of burst, to Lll0 upwind &es of the: patt,crns wcrc 
rn(:asllr(?d. MaLcrittl reCovcrirs wcrc tlcterminc?tl, and 
tlic variations in granule sizes along t,lic puLLernx 
were observed. 

US STD SCREEN SlZE CORRESPONDING TO PARTICLE TV 
ON LOWER SCALE 

0.060 0.070 0.080 0.090 0.100 0.110 0.120 0.130 0.140 0.150 
+ REClPROCAL OF TERMINAL VELOCITY OF PARTICLE 

The granule size: distribution in the charging used 
in tlic: field trials was different from that, calculated to 
givf! a uniform downwind contamination. Tlif: weight 
frut:t,ion of t,lic larger size particles was too high, and 
that of the smaller size particles was t,oo low. Seven 
per cant of tlic: agent was below 20 mesh. Tlic fraction 
l>et,ween 10 md 12 mesh was c!xt,rc!mcly small. The 
differc?nc:c:s are shown in Table 2 and Figure 1. 

36.2.2 Kesults 
The data in Table 3 show tllc: patt,orn dimensions, 

rorit,amiri:~tion, downwind travel, wind velocities,, 
and heights of burst for the t&Is. 

I$urc!s 2 and 3 show the approximate linear de- 
pentlenca of pattern lengt,li and downwind drift, 
rcspcctivel~v, on t,ht? oh product. This linear relation- 
ship cannot be expected to hold at low values of v or 
h, bc:c:ause of the increaacd effect, of the emission rate 
and track under those conditions. 

It was observed t>hat the areas of highest concen- 
Iration were in the upwind half of the pattern, and 
that a gradual claasificat~ion of particles occurred 
ulong the pattern. Ttic largest particles were found 
at the upwind edge and progressively smaller ones 
were found further downwind until the subsize par- 
ticles were so scat,t,cred that t,he definition of the 
downwind ctlgr: was uncert,ain. The: upwind and side 
boundaries were well defined. 



TABLE 3. Data for dispersion of granular agent (sample A) from aimabh airburst projectile Type B. 

Result.ant. 
wind 

speed 
I! 

mph 

Height 
of 

bum t 
h 

ft 

vh 
ft. x 
mph 

OverafI 

Downwind 
distance 

0vera.U from burst. 
pat.tern pattern t.o upwind 
length Cdth edge of 

L Tt’ pattern 
yd yd D yd 

Re- 
Area, in acres, contaminated n-it.h a,mounts in excess of 

covery 100 75 *so 40 30 20 10 5 1 W 
% lb!aere 

Test 
NO. 

3 
4 

z 
8 

IO 
12 
13 

8.5 1,398 11,890 490 183 130 
17.0 1,648 28,000 1,293 107 300 
11.0 2,240 24,640 973 150 10 
11.0 4,060 44,660 1,454 106 a0 
16.1 5,032 82,700 1,796 146 850 
10.0 1,875 48,750 1,NIo 125 310 

2.0 3,185 6,370 -1-H 187 150 
9.5 3,800 36,100 950 187 240 

55 0.03 0.25 0.61 0.80 1.05 1.35 2.32 4.02 7.35 15.34 
63 I. I. 

0147 0:io 
1.40 3.62 7.38 12.10 23.M 

82 . . 
0:iO 

2.21 4.75 7.09 14.95 26.70 
loo+ . . 1.32 2.55 4.38 7.21 11.68 17.95 21.00 

79 
:: :: :: :: o:i1 2:&i 

1.31 12.8 27.10 44.80 
97 5.72 11.22 19.05 28.90 
60 . . ., 0.19 1.38 3.32 5.28 8.67 11.77 
82 . . . 0.05 . . 0:97 2.07 4.60 6.88 15.2 23.50 

TABLE 4. Maximum areas covered by given dosages and corresponding (2$1) product for charging used. 

Desired Maximum Areas covered by ot.her cont~aminatians a.t same 
contaminalion area covered (vh) value (acres) 

lb,‘a.cre (A) acres 10 lb’s 5 lb.:‘a 1 lb/a. 0 + lb/a 

10 .jo,ooo 6.3 10.8 20.5 31 
5 77,000 12.5 ‘4’ 26 42 
1 80,000 27 o+ . 

6 80.000. I t r ! ! 4 
:v= RESULTANT WLND VELOCITY FROM 

: 
GROUND TO HEIGHT OF BURST-MPH 

g 60,wo 
h= HE(GHT OF BURST - FT 

/ 

x : i 40.000- ! :,,i/o 

a 0 

d 0. P 
z 20,000 
gf lqoco. o 
3 I 2 0 i / 

400 600 800 a Iwo lk?oO 1400 1600 1800 2003 
PATTERN LENGTH IN YARDS 

FIGURE 2. Rdat.ionship betlveen pattern length and 
vh product. 

FIGURE 3. Relat,ionship bet,ween downwind drift and 
vh products. 

loo 200 300 400 500 600 700 800 900 
MIMI-WIND ORIFT- DISTANCE FROM PROJECTED POINT OF BURST 

TD UP-WIND EDGE OF WTTERN IN YARDS 
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w >oo 
vh = WIND VELOWW (MPH~ x HEIGHT OF BURST IN FT 

F~GUIO~ 4. Area-Dosage; eh relationship fnr the 
charging used. 

In several patterns, areas of low concmtrntion be- 
tween areas of higher concentration were observed in 
the portion of the pattern where the particle sizes 

were 10 to 12 mesh. These rosulta are compatible with 
those which might be expected from a charge having 
the particle size distribution described. 

Figure 4 shows the relationship bctwec!n areas 
covered by various contaminations and the vh prod- 
uct. The t,otaI area can be cxpectcd to increase indef- 
initely with vh, for a given charging. The arcas cov- 
ered by higher contaminations can bc expected to 
reach a maximum value. The highest, contaminations 
will cover maximum areas at, low vh values. Further 
increases will dissipate the: material in an ar(:a of high 
contamination to increase tho area of lower contumi- 
nation.Thescrelatic)nshipsmustbedcterminedforeach 
charging used. The maximum arcas covered by a 
given contamination and the corresponding vh value 
for the charging used in these trials are given in Table 
4. The data are insufficient to detcrminc the maxi- 
mum areas but show the approximate relationships. 

The results imply that, a moro nearly uniform 
coverage with larger areas covered by contamination 
up to 5 lb per acre could have been achieved had the 
part,icle size been adjusted to contain fewer large 
particles and mom small particles. Since the correc- 
tion is in the direction indicated by the calculation 
described previously, thr: verification of that calcula- 
tion is indicated, thus permitting size distributions to 
be specified between any limits of particlc size for any 
granular agont. 

Uniformly high concentrations probably could best 
be achieved by limiting the particle size to a narrow 
rangc, thus permitting the use of large vh. products 
withdecreasedpattcrn lengths. Conversely, uniformly 
low dosages could be obtained with a charge contain- 
ing particles between broad size limits, again employ- 
ing high vh values for maximum mliformity. 



Chapter 37 

PLASTICIZED .WHITE PHOSPHORUS 

Ry 11. F. .Johnstoac 

37.1 .LNTKODlICTTON 

W IIITE PIIOSPHORUS WAS USED extensively during 
World Wxr II for producing smoke screens in 

ground combat, a~rd in landing operations, and as an 
antipersonnel agent against enemy troops. In burster- 
type munitions the efficiency of WP as a smoke agent 
is small. Most, of the charging burns within a few 
seconds after the burst,, producing a cloud in which 
the smoke concentration is many times that required 
for cffcctivr: sarecning. Moreover, the temperature 
rise in the concentrated cloud creates such a density 
gradient that it pillars, or rises rapidly from the 
ground, and bccomcs totally ineffective for ground 
screening. For t,his reason the burning-type smoke 
munitions, such as IIC, were favored by the l3ritish 
Army almost to the exclusion of WI’, and also found 
many tactical uses with the United States Forces. 
However, HC itself had certain limitations. For use 
in projeot,ilcs, it rquired a base ejection shell with 
low muzzle velocity and a low chemical efficiency. It 
was difficult to place by gunfire and was slow in 
developing a smoke screen.. In high concentrations, 
and on prolonged exposure, its toxicity to troops was 
extremely hazardous. For these reasons, WP was 
much preferred by the American Army and Navy 
and was used extensively in t>he 4.2-m. chemical 
mortar supporting ground troops, in the 105 and 
155-mm howitzers and guns, and in the 5-inch/38 
caliber Nav.y guns for screening over water and on 
land. 

Early in 1943, the NDltC was asked to investigate 
means of reducing the pillaring characteristic of WP 
smoke, and otherwise improving the smoke effective- 
ness of phosphorus munitions. Consideration of the 
problem indicated that the low cffcctiveness of solid 
phosphorus in bursting-type munitions is primarily 
attributable to the extensive fragmentation and the 
consoqumt high rate of combustion of the: phos- 
phorus. The temperature rise in the cloud immedi- 
ately surrounding the burst is sufficient to produce 
a strong thermal updraft which rapidly lifts the cloud 
from the ground. On the other hand, the temperature 
rise in a cloud of affective, but not excessive, screen- 
ing concentration would not be sufficient to develop 

thermal updrafts except under the most adverse 
atmospheric conditions. 

From these considerations two methods of improv- 
ing the smoke efficiency were suggested, (1) reduce 
the heat of combustion, and (2) control the rate of 
combustion. The former can be effected only by 
subst,ituting for the phosphorus some compound with 
a lower heat of combustion. To this md, considera- 
tion was given to the use of phosphorus trioxide and 
other phosphorus compounds.’ The swmtl method is 
the more attractive because it would control not only 
pillaring, but also would realize the ultimate smoke 
efficiency of t,he phosphorus, and thus increase the 
t,ntal screening time several fold. 

The following methods for controlling the rate of 
combustion by controlling the degree of fragmenta- 
tion were suggested. 

I. Mechanical reinforcement, of the phosphorus 
wit,h st,eol wool, asbestos, plastic tubes, wire screens 
or other devices, which would cause the ejection of 
the phosphorus in pieces of predetermined size. 

2. Alteration of the physical properties of phos- 
phorus, by addition of agents, to produce a plastic 
mass which would effectively resist shattering and be 
dispersed as pieces of moderate size. 

Experiments were made on each of these methods. 
The reinforcing agents showed some improvement in 
the smoke r#hcic!nc:y, especially with mort,ar shells 
filled with longit,udinal screen cylinders ?&in. di- 
ameter by 12 in. long.’ It, was also found that, precast 
blocks of phosphorus could bc used in some of the 
small bombs and these, on ejection as large masses, 
would burn for several minutes giving a nonpillaring 
smoke. Several types of plastic coatings were found 
suitable for keeping the blocks separated. 

The most promising method of controlling the 
fragmentation of phosphorus and the pillaring of the 
smoke was found in t,he development, of a new smoke 
agent, known as plasticized white phosphorus 
[PWP], consisting of an intimate mixture of granu- 
lated WP in a viscous rubber solution. This material 
burns mom slowly, and tho flying particles do not 
disintegrate by melting. Consequently, the pillaring 
is almost completely prcvcntcd and the screening 
time is greatly prolonged. 



552 PLASI’ICTZED WHITE PHOSPHORTIY 

37.2 TEMPERAI'IJKE HISIX IN 
PHOSPTTOR IJS SMOKE CLOUDS 

A rough est,im:lto of the temperature rise in t,hf: 
smoke clouds from &id WP and PWP may be made: 
from data ohtainotl in field t,est,s ou fragmf~ntation 
and particle disparsion.” 

Data 

IT&, of aombdion of WP 10,000 kit11 per lb 
IT& of combustiorl of PWP 12,000 Btu per lb 
cp of air 0.24 cal per g per rlcp;rce C: 
Uensit,y of n,ir 1.2 x 10” g per cc 

P:il ing wrights 
4.2-k. mortnr shell 

WP 7.6 lb 
PWP 0.25 lb 

M47A2 bomb 
WP XB lb 
PWP 72 lb 

Approximate tli~~w~sions nf burst (obtcerued) 

Kdius Tkight, Volume 
ft, ft Cl1 fl 

4.2~in. mort,ar shell 
Wf 00 50 1.27 X 10” 
PWP 150 50 3.54 x IO” 

M47A2 homh 
WP 150 00 fi.37 x 106 
PWP 300 90 25.3 x 106 

l+uction OJ total axing weight burned in initial burst, 
and he& eoolvetl 

Per cent l~utwad ITcat wnlvcrl 
(estirrlnted) Mu 

“.2-h+ mortsr shell 
no 72,500 

PWP BO 45,000 
M47h2 bomb 

WP SO 730,000 
PWP 40 340,000 

Cfdotlated aonrage ternpcralrm risa 

Temperature r.iw 
Munition Billing dcgrccs c: 

4.2-in. mortxr shell WP 1.75 
PWP 0.37 

M47A2 bomb WP 3.50 
PWP 0.50 

The va,luc:s shown are the average: t,cmpcraturc 
rises in the initial clouds having the dimensions of the 
burst. Actually, the temper,zturc rise st the center of 
the burst is much greater than shown nnd iti zero 
at the assumed envelope. 

37.3 .MANUFACTURE OF t'WP4 

In t,hc prothlclion of PWP, th(: phosphorus is re- 
duccd to an average part>iclo diamctor of about, 
0.5 mm by a process of granulation, in which a 
violently agitated mist,urt: of moltten phosphorus and 

hot w&r is cooled below t,he freezing point, of phos- 
phorus by the addition of cold \latc:r. The robber 
solution is prepared as follows: GR-S rubber is re- 
duced to pieces $6 in. tjo pi in. in di>m~ctcr by shred- 
ding. The shredded rubber is mixctl with the solvent 
and the mixturt: sc:t anidc for A to 24 hr until it be- 
comes homogencouti by diffusion. The rubber solu- 
tion is then mixed with the granulated phosphorus 
under water in n C:inc:innatrls-type: mixer for 20 to 
40 min. A flow shoct of the process designed for tho 
N,zv.y RureLtrl of Ordnance is shown in Figure 1. 

TO WP BULK STORAGE 

-LOADER+ 

n” 111 TT 

FICIURB 1. Flow sheet of PWP procesa (pl:tu view of onr: 
imit,). 

Two types of PWP were: tl(:vc:lopr:d to meet the 
ballistic requirements of the various smoke muni- 
tions. These differ mainly in t’heir apparent viscosity, 
or consistency. The! mixture designated as “75-35” 
PWP contains 75%) phosphorus and 25n/‘, rubber 
solution which is 31i0/,, rubber and (i5(j$ xyl(:no. This 
formula was satisfactory for bombs and rockets, 
which do not, hnvc critical ballistics. ltot,nt,ing pro- 
jectiles requirctl PWP with a higher viscotiity. Such 
a matori:l is “75-40” PWP, which c:onsists of 75yn 
phoq)horos and 25’s rubber solution which is 40?% 
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rubber and CiO(xj solvent. PWP 75. 40 was superseded 
hy a type with a still higher viscosity, which is 
designated as “75-4%3OLO.” This formula contains 
759, ph~sphom~ and 25’%, rubber solution which is 
40(yu GH S, 30”jo xylcne and 3O(i/ci linseed oil. 

37.3.1 Granulation of Phosphorus 

The phosphorus used in the manufacture of PWP 
in the Aandard t,echnical grade. It is transported in 
the molten condition in steel lank cars and is usually 
stored in lO,OOO-gal horizontal steel tanks with in- 
ternal steam coil; to prevent solidification. In tho 
PWP plant at Edgewood Arsenal,h the phosphorus 
was forced from thcsc tanks by wat,er displacement, 
to a 500-gal vertical tank which served as a working 
storage. It, was, in t,urn, transferred from this tank by 
water displacement t#o a I22-gal measuring tank from 
which it was sent, to thr: granulators by displacement 
with a measured volume of water. All phosphorus 
lines wore steam-jackotcd ud lagged. This method 
of handling phosphorus is safr: and convenient, and 
it is easy to detormine the amount, of material trans- 
fcrred from one t,ank to another by moans of hot- 
wat,er meters and liquid-level gaogcs. 

THATCH C~ANUIAWKS 

The batch granulators used in the pilot plant, and 
in t,he large plant consisted of steam-jacketed vessels 
with high-speetl :bgitators. The most convenient, size 
for la& scale production, as drtc!rminetl by the time 
cycle o11 the loading tnachine, was 1 (i5-gal capacity. 
Two of these granulators served one mixer. The 
charge: placed in the granulator consist,ed of 400 lb of 
moltan WP ~itl an qua1 volume of water, or ahout, 
30 gal. The mistsure was t,hen agitutctl by means of 
t,wo 3-bladed 7-in. impollors opcrat,ed at 1,750 rpm hy 
means of a 71 ’ ,&p motor. The agitation wax con- 
t,inued for 5 min, and then cold water was ru11 into 
t,he granulator lo lower the temperature from 120 to 
95 F. Within limits, the size of the particlas could be 
altered either hy varying tlic: rate of agitation or the 
rate of cooling. Data t,aken in the pilot, plants indi- 
catted that the desired rate of cooling should bc about 
,I F per minute in order t,o give: a parlicle size within 
the specification limits, namely, 75% between 0.2 
mm and O.(j mm tliametcr, and not, more: than 5’3” in 
excess of 1.2 mm in diamctcr. 

After cooling, the phosphorus slurry was dis- 
charged through a flush-t,ype plug valve t,o the miser 
which was lo&cd on a lower level. In order to pre- 
vent inflaming of the small particles of phosphorus 

which floated OII the surfttcc: of the water, it was found 
desir&lo to keep the mixer closed and to maintain 
an atmosphere of carbon dioxide above the surface 
of the slurry during the transfer operation. For con- 
voniericc, the lint: Mween the! granulator and the 
mixer was steam-juckotcd in case it became plugged 
by the freezing of the: phosphorus rcaulting from 
lcsksge o& the flush valve. 

Some w)rk WHOA done at the oxperimt!ntal plant at 
the liniversity of Illinois on a continuous method of 
granulating p1~osphorus.l This had a number of ad- 
vantages and probably would huvc~ been installed in 
the larger manufacturing plants if there had heen 
time to work out the details. The process consisted of 
spraying molten phosphorus through a nozzle into 
a stream of hot water, as shown in Figure 2. The rc- 
sul ting mixture was cooled immediately by a merging 
stream of cold waler, and the: slurry was directed into 
the mixer. The particles of phosphorus from the jet 
granulator were smooth and round, in contrast with 
those from the batch granulator, which were rough 
an d irregular in shape. The PWP made with the 
former had, MI the average, a lower viscosity t,han 
that made using the batch granulator. 

The following operating conditions for the jet, 
granulator were found to give PWP of good thermal 
stability: 

l’ressurc: on phosphorus line: 18 to 20 psi 
Orifice size: No. 44 drill 
Rat,e of pl~osphorus flow: 7 to 7.7 lb per min 
Hot, water rate: 15 to 1 C; lb pr:r min 
JTot water tcmperatllrc: 167 F 
Cold water rate: 25 11~ per inin 
Cold water temperature:: 45 to 50 P 

The partich? size dist,ri bution for these conditions is: 
Above 0.X mm diameter: 5’s 
Between 0.2 and 0.8 mm tliametcr: 8O(xj 
Smaller than 0.2 mm diameter: 15Oj,. 

37.3.2 .Preparation of .Kubbcr Solution 

The CR-S rubber used in the manufactrrrc? of 
PWP was the 80-20 butadiene-xtyrene polymer made 
in the govomnment rubber plants. The nature of the 
material from different plants and even from different 
lots from t,he same plant, varied widely. These varia- 
tions affcated the properties of the PWP to some cx- 
tent, especially those of the higher viscosity type. 
There was a continued improvement in the product, 
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MANOMETER TAP MAROMETER TAP 

RUBBER CONNECTION BRAZE SHUT THEN DRILL NO.60 HOLE 

TO SETTLING TANK 

PHOSPHORUS 

E’mr~m 2. ConOinuuux phosphorus gy;trlldtttor. 

however, as t,he rubber plants came under hetlter heat developed was excessive and the particles had a 
control. t,endcncy t,o adhere to each Aher. Additional lab01 

Synthetic rubber is available either in balr: or and equipment were rquircd to cool the material and 
crumb form. The latter consists of irregular pieces keep it, in a free-flowing state, and power require- 
)& to $/s-in. diameter formed during the coagulut~ion ments wore high. The: best, results were obtained with 
of the latex. This product is packaged after washing rubber reduced to an average of !&G-in, to ,Vi-in. size, 
and drying. It is dusted sometimes with talc to prc- This was obtained by a single-@age reduction of l-in. 
vent matting. In any case, unless the dusting is very Lo 1 W-in. cubes from a cutt#ing machine in a Jeffrey 
thorough, compaction and cohesion of the particles Rigid Hammer Mill. 
occur in shipment and storage. The material must 
then bc treated in the same way as the baled rubber SoLUT1oN 

PICEPARATUJN AND HANDLING CM TFIE RUBBER 

which is made by pressing the crumb. The crumb 
form has the disadvantage that the dust is an un- In both the pilot, plant, and the large plant at Edge- 

known variable, ad it is subject to more rapid wood Arsenal, it was found convenient t,o prepare the 

deterioration because of the cxponure of a large sur- rubber solutions in &gal buckets which were trans- 

fact area to the oxygen of the atmosphere. ported manually. For the Naval Ordnance Plant, 
special contlainc:rs holding 60 lb of rubber and auto- 

MILLING THE ~JH~EH matic handling equipment, were designed and tested 
The particle size of the rubber determines the time for serviceability.” 

squired to obtain a homogeneous solution. Tn the In practice, the milled rubkcr was poured into the 
manufacturing process, it, was desirable to keep this required amount of solvent. Thin procedure was 
time at a minimum. The preparation and use of finely preferable to the reverse hecause it permitted bettel 
divided rubber offered certain tlifliculties. If too separation of the rubber particles and better wetting. 
much shredding was carried on in :t single stage, the The bucket, WAS then closed tightly and tumbled by 
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mechanical means until t,he liquid was viscous enough 
to prevent t,he partially swollen particles from sepa- 
rating out. The time required for this step depended 
upon the particle size of the rubber and the type of 
solvent, used, and varied from 5 to 15 min, or even 
longer. Some difficulty was experienced in getting 
good mixing when linseed oil was used in the for- 
mulas. The oil was mixed with the xylem? before the 
rubber was added, hut the two solvents diffused into 
the? rubber at different rates and the composition of 
the remaining solution changed on standing. This 
difficulty could be lxrgcly avoided by prolonging the 
initial mixing time. 

After the preliminary mixing, that rubber solution 
was poured int,o a special aging book& In order to 
prevent the thick rubber &ix from adhering to the 
metal, the insidr: of t,he bucket, was coated with a 20”/‘0 
starch paste made with Arahol Adhesive NLC-15, 
which was obtained from the Arab01 Manufacturing 
Company of NV\V York. 

37.3.3 Mixing the Constituents 

In the development, work, several types of mixers 
were used for mixing the granulat,ecl phosphorus par- 
ticles with the rubber gel solution. Tt, mtts found that 
this operation was quite: critical since, if the mixing 
operation was carried on for too long a time:, it re- 
sulted in a break-down of the rubber, and if (he mix- 
ing was poor, the phosphorus granules w(?re not 
separated by films of rubber. Either of these condi- 
tions would result, in a thr:rmally unstable product 
which would allow the pl~osphorus to separate from 
the rubber matrix, when heated above the melting 
point of phosphorus. There w:ts evidence that, both it 
chemical and physical deterioration of the rubber 
takes place: during the mixing operation, and there,- 
fore, them is an optimum time of mixing for each 
type of PWI’ in a given mixer. Not, only does exces- 
sive working in t>he mixing and loading operations re- 
sult in degradation of the rubber, but there is also 
cvidcnce that the? phosphorus itself causes an in- 
crease in the gel content, of the rubber, especially if 
the temperature is allowed to riso due t80 the mechani- 
cal work on the viscous mixture. 

The mosl satisfactory type of mixor found was the 
jacketed dorlhlc-bladed Cincinnat,us-t,ype mixer with 
blades opcr:&ng at the same speed in opposite: direc- 
Cons. Mixers of 50-, IOO-, and So&-gal cxpacit,y were 
used in the pilot, plants and the large scale produc- 
tion. The lOO-gal size wus rncommcnded because it 

had the proper capacity for coordination with the 
loading unit. 

The mixers were provided with a split cover, one- 
half of which was permanently fastened, whereas the 
front half is removable for charging the rubber solu- 
tion and discharging the product. Overhead sprays 
and an inlet pipe for CO2 gas were also provided, as 
well as a drain hole near the top for removing the 
water. 

The genoml method of operation of the mixers was 
to discharge the entire contents of the granulator as a 
slurry into t,he mixer, and then add the proper 
amount, of thr: rubber solution while the mixer was 
being flushed with carbon dioxide. The excess water 
was then drained off and the mixer started. After the 
rubber solution had picked up the granulated phos- 
phorus in 5 to 10 min, t,he water was run back into 
that mixer. The practice at this point was not always 
uniform but, in general, it was found better to have 
the water present during the mixing in order to aid in 
dissipating the heat. The mixing was continucd for 
15 to 20 min. The entirr! batch was then dumped into 
a hopper from which it was transferred by screws 
into t!he loading system. 

37.4 LOADING PWP MUNTTIONS 

Since: the amount, of mcahanical work to which the 
PWP may be subjected without damage must be kept 
at a minimum, it, was found that extrusion of the 
material through a small-diameter tube by means of a 
screw could not be used for loading munitions with 
small filling holes. This was satisfactory, however, for 
the loo-lb bombs which could bc filled directly from 
the G-in. screw conveyor through a short nozzle. The 
bomb was weighed in place to control the net filling 
weight. 

For small munitions, such as rockets and shells, the 
loading was done by means of hydraulic pistons 
operated by oil pressure. These consisted of two ex- 
trusion cylinders attached to a four-way valve on the 
O-in. screw conveyor. While one cylinder was being 
filled, t,he contents of the other were being discharged 
into t,he munition by means of the piston. The cylin- 
ders were 4.5 in. ID and the pistons had a maximum 
stroke of 15 in. The stroke could bc varied to control 
the delivery of the required amount of PWP for each 
munition. Both automatic and hand-operated con- 
trols were inst,alled for operating the valve. It was 
found that a close weight tolerance could bc main- 
tained with the automatic equipment, and, in the 
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case of t,he 4.5-in. Navy rocket, the filling could bc These figures agree approximately with, those oh- 
caaried on at the rate of two heads a minute. t,ained in the larger plad at Edgewood Arsenal. 

37.1s.l Control of Moisture Content 

The moisture content, of the product, was deters- 
mined by the consistency of the mixture:, the pH of 
the slurry, and t,he amount of comprelmion exerted 
on Lhe product during the loading process. For the 
less viscous mixture used in bombs and rock&s, it was 
desirable to increase the amount of compression by in- 
stalling an orifice in the end of the B-in. screw con- 
veyor in order to squeeze out some of the water. The 
addition of sodium carbonate or sodium phosphate to 
the phosphorus slurry resulted in an increased 
moisture content of t,he product. In the pilot plant, 
the moistnre content usually ran from 8 to lo%, but) 
in the larger plant, it was found somewhat higher. 
There was no evidence, howev(Ir, of an adverse effect 
of the high moisture contc:nt on the smoke quality of 
PWP in bombs, rockets, or other munitions. 

37.1’ .:I Labor Required in the Manu- 
facturing Process 

The? cstirnate made by the Victor Chemical Works 
for the labor rcc@ements were as follows. 

Ruhbcr, handling 0. I2 man Iir per 100 lb 
Granulating 0.33 
Mixing 0.33 
T,o>ldina 0.33 
Miscel. handling 0.33 
Bupervision 0.15 

The Victor estimate does not include the labor re- 
quired Car handling of the empty munitions and 
loaded munit,ions, and the painting and boxing of the 
finished munition. In any Ordnance plant, these items 
arc always very large. The estimate made on basis of 
thr: operation of the Edgcwood plant was as follows. 

X7.4.2 Power and Services Required 

An estimate of the material and power reqmire- 
rnents in the manufacturing process was made on th: 
basis of three months’ operation of the pilot plant, at 
Victor Chemical Works as follows. 

Rub-is: 100 Ib PWP 

For 75-35 PWP 
Xylol 14.5 lb 
Phosphorrls 67.75 
CR-6 7.75 
w:tter 10.00 

Vor 75-40 PWP 
Xylol 13.375 lb 
Phosphorus ti7.75 
OH-S 8.875 
water 10.00 

G:A0ns cooling w:tter nt (50 P 
Direct cooling LO.0 gnl 
Jacket cooling 55.5 
Mixer cooling 90.0 

165.5 
Estimalcd C.Q usrtge 

Mixing 30 Cl, ft 
Gm,nulat~in~ 16 

P~iuer rryrrired = 4 h,p hr 
HP vo1tti TJsage Srvice 

I ,rtbor rcqllired (for crmh shift) 
Phosphorus hn,ndling arid grttnuln,tion 
Mixing 
T,c):lding 
Empty mluiit,ion, irapectiim 
11:rript.~~ niunitiq hs.ndling 
T,o&!d murl i t iq hnndling 
Lo&d munitiort, inspcctIion 
Preparing ruhbcr gel 
Lt~borntory inspectiolt 
Ruperviaion 

3 
4 
3 
2 
2 

15 
a 
6 
2 
4 

44 
About, CjO(g, of the labor performed in this plant was 

by women. The offlciency was not high, since it, was 
the first Iargc plant, in operation and much of the 
production was of nri educational nature. The plant 
had a manufacturing and loading capacity of 5,000 lb 
of PWP per 8-hr day. 

37.5 I’WP M UNlTlONS 
During the development of PWP a large number of 

Inunitions were filled and tnst,ed for comparison with 
other tirnoke munitions. These: included the following: 

Shell, 4.2-in. CM, M2 
Shell, 4.2-in. RUM, F:77 
Rhcll, smoke, 75 mm, M64 
Shell, tim(:)kc, 105 mm 
Shell, smoke, 155 Kllfll 
Shall, smoke, 5-in./38 cal. Navy projectile 
Shell, smoke, 60 mm, M:U 
Shell, smoke, YI mm, M57 
Rocket, smoke, 2.3t%in., Ml0 
R.ocket, tirrmkc, n,ircmft, 3.5~in., Mk G 
Ilocket, smoke, 4.5-irl., Mk 10, Mod 0 
Rocket., smoke, 4.5-in., KS., T-84 
Rncket, ~m&c, Sin., 8.S. 
Rocket, smnke, 7.2~in. 
Ttotnh, 100-lb, M47.41, 2, 3 
Grcnsde, smoke, Ml.5 

g 440 
3 440 

& Idi 
440 
440 

5.0 440 

1o:o 9 
110 
440 

Fi 440 

C:ontinunus, hot water circlIln.tiorl 
intermit,terit, grxnulnted 
Phosphorus pump 
Irttcrmittcnt, de-wrzlcriq acre\\ 
C:ontirluous, loading screw 
intermittent, rubber mill 
Tnt,ermit,tcnt, rubber gel mixer 
Intermittent, rnixcr 
Intermittent, grfinul:ttor 
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All thcsc muniCons wcrc designed for use with WP 
and not PWP. They wcrc rrscd for test, firing as a 
matter of convenience only, and it, was realized t>hat 
flukher improvements might 1~: obtained with each 
munition if a new design c:ould be made available 
~~lrich would allow for the lower tlonsit,y of the filling 
compared miUi that, of WP. 

37.5.1 Filling Weight 

Since FWF corkains substances which vaporize at 
elevated ternperut,ure, it, is necessary to lcnve a void 
in the filled munition. The maximum loading weight, 
for each type of munition can bc calculated from a 
knowledge of the minimum volumes tolerance of the 
munition, t,he composition and density of the PWF, 
:md ttrc? prcssurc allowable at the maximum tcm- 
pcraturc: to which the munition is subjected during 
storage. Actually, FWP has a density lower t,han that, 
c:alculatod from the densities of its constituents, hc- 
cause of numerous void spac:cn prosont, in the mass of 
the material. 

Assuming that tllc tcmpcrature of the munition 
will not, exccod 65 C ant1 that, the pressure due to the 
expansion of the filling ant1 the heating of the air in 
tlrc void space from 25 CT should not, exceed 50 psi, the 
following calculation was rnedc! to determine the 
minimum void space reqkrcd. a 

T,et, 71, = 
7L1 = 

v= 

VI = 

k:= 

1. - 16 = 
c1= 

CV= 

U! = 

P= 

volume of munition at 25 C; 
volume of munition at 65 C; 
volume of total void space at, 25 C; 
volume of total void tipace at 65 C; 
fraction of total volume: oc:c~upic!d by 
filling at 25 C; 
fraction of void space at 25 C; 
ratio of true densit,y of filling at 25 C to 
ttnt ‘it 65 c: . I‘llI. , 

coefhcient of linear expansion for steel: 
13.2 x 10-e; 
water content of PWP, lb per 111 dry 
PWP; 
densit,y, as indicutcd by the subnt:r@. 

The density of PWF may be calculated from the 
densities of its c:onstitjuc:ntJn as follows: 

P 
I + 11) 

pwp = (.75/p,,) + (.25/&J + ~w/pw)' (1) 

B The solubility of tho nir in the filling and the increase in 
vapor pressure of water and xylem arc nce;lcct,cd. 

The densities of the constituents are as follows: 
25 c 65 c 

Plloi;phorut3, pp l.S24~,‘co 1.715 
I?.11hlK!r :ml xylene, I)H 0.8840 0.8145 
Watci-, pw 0.997 0.9800 

Tht~ expansion of the munition shell is given by 

ZL 1. 1 
= 161 1 + 40 x 3ct iootli 

Assuming that, the 

Then 

perfect gas law holds, 
Pv 2 -.- 

P-'1V( = T, ' 

(a 
The values of lc were cxlcr~lated for scvorsl values of 
711, for PI = 64.7 psia, P = 14.7, T, = 338, and T = 
29X. These arc nhown in Table I with the correspond- 
ing values of a. 

WUt,Cl Content Rntio nf dennities 
of I’WP at 25 C rind 85 C 

lb/100 lb cc 

0 1.0725 
2 1.0710 
4 l.OG!M 
B l.OB79 
8 1.1KXi3 

10 1.004x 
12 1.0633 
14 l.Ofjl!I 
16 I.OGO4 

Fracliorr Per cent 
filled void 

Ic 100 (1-k) 

0.9130 5.70 
0.9147 8.53 
O.!)lfi5 x.35 
0.9152 8.18 
0.!)200 H.00 
0.9217 7.53 
0*9234 7.W 
N!)250 7.50 
0.9267 7.33 

The loading tolerances for 7.5-35 and 75-40 FWP 
corkaining 120/0 aIic1 I (jy$, water are shown for several 
muniCons in Table 2. These we based on volume 
tolerances reported by the Chemical Warfare Service. 

1:igure 3 shows the relationship between tlrc in- 
tcrnal void (occluded air) and the density of PWP 
containing 12(T0 and 16% water and also the variu- 
tion of the external void space to bo left, in any muni- 
tion if the pressure is not to exceed 50 psi at, 65 C. 

37.5.2 Hallistic Stability 01 PWI’ 
Munitions 

As a result, of firing tests on several different types 
of munitions, it was observed that, (1) nonrotating 
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TARTX 2. I,oading t,oler:tnccr for PWP in various munitions (12% end 16% II&). 
..- .- .-.. e--- .-~. ..~-. -. ..-. ..-.~ .-- ..- -. --- 

Minimum Mnxirnum 
Per loading vohme weight, 
cent, of munition of loading 

Munitjion Hz0 cc I5 Load lo 
-- ,...- ~-. -. ..- .--. ._-~_I,,~-. ,. -.--,- .-...” ~,.-~” 

4.2-h. CM shrll 12 2,310 2,914 B lb 5 oz + 2 oa 
16 2,878 6 lb 5 02 f 2 06 

4.5~in. Mk 10 i\i>t.vy rockels 12 3,486 4,402 9 lb 9 oa * 2 0% 
lfi 4,343 9 lb 7 0,X + 2 oa 

3.5-h. Mk 11 rocke0 12 2,8&5 3,3ti5 7 lb 5 ox t 2 oz 
16 3,320 7 lb 3 02 f 2 oe 

4.5in. T84 rocket 12 I$!)4 2,140 4 lb 10 OB f 2 oz 
16 2,112 4 lb 9 oa + 2 0& 

3.5~in. Mk B hT:tvy rocket 12 2,192 2,768 6 lb 0 oa 5 2 oz 
18 2,731 5 lb 14 oz t- 2 01 

81 JJlIJl T9 H~RII 12 1,135 1,433 3 Ib 1 oz L 2 0% 
16 1,414 3 lb 0 ox f 2 oa 

M47,h2 bomb 12 2B,219 33,100 72 lb 1 oz k J lb 
l(i 32,660 71 lb 2 on f I lb 

,-.,. ~.-.-..-. --.-. -. 

1.44 

1.42 

3 I.38 

2 1.36 
La 
g 1.34 
L I.32 
0 
5 1.30 

5 1.26 

$j 1.26 

1.24 

I-” -. t5 40 AND 
-1-71 
75-35 PWP * !7JT----I 

INTERNA; VOID SPAGE VERSUS 

0 2 4 6 8 IO I2 14 16 
PER CENT VOID SPACE 

I~GTJRE 3. ICxternal void reyuitwl in PWP rnlmitioun. 

munitions (bombs and fin-stabilizctl project&s) filled 
wit,11 any type of PWP are ballistically stable; (2) 
properly designed spin-stabilized rockets generally 
have stable flight with either 75-35, or 75-40, or 
stiffer mixes of PWP; (3) spin-nt,abilized nhclls with 
low-loading capacity (75 mm) are stable with both 
75-35 and 75 40 PWP; (4) spin-stabilized shells with 
higher loading capacity (4..2-in. mortar, 105 mm ant1 
155 mm) require :L stiff thermally Aablc PWP if 
stable flight is to be obtainr~cl al maximum range or 
at elevatod temperatures. 

Much work was clone on developing a satisfactory 
PWP for use in the 4.2~in. mortar shell. It was deter- 
mined early in Ihe program that mixes with low 
plasticit,y caused unstabb flight when t,ho shells were 
fired at, long ranges (abow 3,500 yd). Litt,le is known 
about the behavior of gels and plastic: solids in those 
shells. Set-back alone:, caused by t,hr forward a(:- 

celeration of the shell from the gun, should not 
materially affect t,he balance. Instability, when it 
occurs, is perhaps caused by irregular flow of the 
filling as :A result of the forward and spin accclera- 
tionx. Suggested remedies are (1) to make the PWP 
stiffer and more resist>ant to flow, and (2) to make it 
less viscous and fret: to How. To keep the advantages 
of the PWP as a smoke screening agent, all of the 
offort, was direct,cd toward making a stiff, thermally 
stablt: product. 

r)at,a from the: firing of scvcrul hundred shells filled 
with PWP made of rubber from four different manu- 
facturers and consisting of 75 35, 75-40, and 75-42 
compositions gave t>hc following conclusions: 

1. Shells filled with 75.-35 PWP with viscosity 
numbers (as measured on the standard plastometer) 
of 35 to 42 we not, stable at maximum rangr:. 

2. Shells fillctl with PWP mixes with viscosity 
numbers greater than 57 are generally stable in flight! 
at all ranges. 

3. IIeating the shell impairs the ballistic stability. 
This upparcntly is true only when thermal separation 
of the phosphorus takes place. 

In all these tests, the shells were fired at ambient 
temperatures ranging from 40 to 95 F. Further tests 
showed that the flight stability is affected by heating 
the shells to 100 F, although the effects were noticc- 
ablo only at ext>rcrne ranges. Shells fired at 120 I$ wert: 

unstabla at all ranges, although previous firings had 
shown t,hcse shells to have good ballistics at all ranges 
whan stored and fired at ambient temperatures. It 
was concluded, therefore, t,hat, projectiles having 
critical ballist,ic: properties, ~~11 as the 4.2-in. mortar 
shell, require PWP of high viscosity. 
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RUbbW 
mnnuf,zct,urcr 

TARTX 3. Summary of ltccelernt,ed xurvcillancc tesls on 75-35 PWP made at, pilot plnnt. 
.- 

Ship- FMch Number 
merit or series of 
NO. tlulrlbers bntehcs Resulls --..-.._” I. 

Firestanc Tire and Rubber Co 6 C :tnd T) series x1 

Firest,nnc Tire and Ruhhcr CO 18 F: series 
B. 17. Ckdrich 12 30%32F:, 42E45& 

7OE, OF, 6XF 
Gondycs,r Tire and Rubber Ctr 13 51F:-53l$ 60E, 4F, 

19F, 21F, 77F’, 7&k’ 
Ntr tjional Synlhcl,io CO 14 59&J:, 64&66Iil, 

3F, 71 V, 72E 
Copolymer Corporation 15 63K, 67%6:WE, 

lP, 1817 
Copnlgmrr Cnrpnr~t,inn I!) 23F, 69E’, 7OE 
Copolymer Corporrtt~iorl 21 lH-4H 

67 
10 

9 

7 

6 

3 
4 

“A” samples only, 66 batches &wed no separation, 4 
batches showed slip;ht, separation, 6 batches were urrsxtis- 
factory, 5 were not tested. 

“A” semplcs c~nly. All were satisfactory. 
,411 “A” snmplcs wcrc stable. Four “n” samples were un- 

stable. All “C” samples were st,ablc. 
All “A” samples were sbble. Four 9,” eamples were un- 

atnble. All “C” samples were csscnt.idllly skthle. 
Two “R” samples were unstable. All “9” rind “C” samplr!s 

were stable. 
Four “IS” t3nmples were unstdde. All I‘.\” and “C” samples 

were strtble. 
*I, “, ,I “, ,, 
All “*‘” “ 

and “C” srtmpleti were stable. 
, III:” rind “C!” srtmplcs were sl.shlr. 

37.5.3 Tlumnal Stability of I’W P 

Phosphorus m&s atj 11 I I+’ and conseyuent,ly PW 1’ 
munitions in storage will often be subjected to tem- 
peratures above the melting point. While in this 
condition, complete separation of the phosphorus 
from the rubber matrix would result in pillaring of 
the smoke and would cause poor ballistics in critically 
balanced projoc:t,iles. Tests on the thermal stabilit,y of 
75-35 PWP mat10 in the: experimental plant, indi- 
cated that, little or no sc!parstion of the phosphorus 
takes placct cvcn wllm the material was held at, 
150 I! for as long as six months. In these t&s, the 
samplr:s were stored in glass bott,les, and any separe- 
tion of the phosphorus or growth of t,he droplets by 
coalescence was readily discernible. Thr: same results 
were found for samples from the pilot plant when 
tested in t,his way. It, was observed, however, that, the 
material loaded in mortar ~1~~~11s often showed some 
separation of the phosphorus after heating for a few 
days. This could be noticed by slushing of the liquid 
from one end of the ~1~011 t,o the ot,her when the: murli- 
tion was tipped, and was proved by opening the shell 
after cooling. At, this time, a small-diameter loading 
screw was being used to extrude the PWP into the 
mort,sr shell. In~ortler t,o have sufficient capacity, the 
screw was operated at, a high speed and t,here was 
considcrablc slippage. Consequently, there was much 
mt:ahanical working of the material as it was forcod 
into the shell xnd flowed through the small openings 
in the longitudinal vant: which partJitions the shell 
into two parts. Bccnust: of t,he difference between thr 
material in the glass boi~tlc~ rmtl in the shells, it up- 
peared that the mechanical working was damaging 
the texture of t,he PWP so tJhat it was no longer stable 

when heat,ed. The screw extrucler was then replaced 
with an extrusion cylinder of the type used at tht: 
experimental plant and the expected improvement, 
was obscrvcd. It, was also found at, this time that, 
many of the samples which were thermally unstable, 
because they had been overworked mec:hanically, 
would regain their thermal stability if allowed t,o st,and 
for a few days before testing. Apparently, the not- 
work of rubber surrounding each phosphorus par- 
tick! was repaired by aging. In some cases, however, 
the material appeared to be so badly damaged that 
it nc?ver regained t,he original thermal stability after 
loading. These observations were confirmed by tests 
made by the! Chemical Warfare Service in which the 
stability of 75-35 PWP in M47h2 bombs was found 
to be satisfactory, but the same material in 4.2-in. 
mortar shells often showed separation. 

Routine stability tests on the material produced in 
t,he pilot, plant, were made on three samples from each 
batch. One, designated “A,” was taken from the 
mixer or hopper as soon as the mixing was completed 
and was placed in t,he oven immediately. A “B” 
sample was taken from the loading head and was also 
Lcstcd immediately. A third sample, “C,” from the 
loading head was tested after aging for 24 hr. A 
summary of the results of tht:sc: stability t,csts is 
shown in Table 3. 

A further study of the cause of the occasional in- 
stability of batches of 75~35 PWP was made by the 
Plants Division at Edgewood ArsenaLs This revealed 
that, as the particle size of the granulated WP de- 
creased so that, more than 90% of the phosphorus was 
hetwcen 30 and 80 mesh, there was a greater number 
of unst,able PWP batches. This result was consistent 
with the grcatcr number of particles in the fine1 
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TARTS 4. Snmmxry of swveiktnce tcsls on 76-35 PWP in wwinus munit,ions. 
-- 

Thcrmnl d,:tbiliCy 
.Nurnlwr in 

snrveil- 
hce 

-.. ,-. 

expressed :IS per Days in 
cw 1 phnsphorus sutvcil- 

sepxr:ttilg In,ncr 

Goodricll 12 
Goorlyenr 13 
National 14 
Nalinnxl 20 
Copolymer 19 

Firestone 6 
C:opolyrrlel 15 
Goodycn,r 13 
Goodyenr 13 
Goodrich 12 
Nationd 14 
Nationd 14 
Copolymer 19 
C0pdy IWI I!) 
Copolymer 19 
Natiod 20 

Firestorle 6 
Copdymcr 22 
Copolymer 23 

Copolyrncr 21 

A M~7Ad (11~0-16) borvrb 
68h 1 
77v I 
72P 1 
78F’ 1 
7OF 1 

H .$.ii-in. naval rnrkcts 
36D 4* 
18F 2 
19F 2 
21F 4 
68b 3 
7lF 3 
72F 
23F : 
69P 2 
70F 2 
73P 3 

C J&in. naval rod& 
3OD 5 
X7L, 95L, IOOT, 4 
IlOT,, I 15L, 12OL, 

125L, 13OL 5 

1) Si-wwn morlar shells 

IH, 2H, 3H 9 All 0 - *---- “- __, ..-- 

23, 30, 30, 36 
0, 2 
0, 2 
0, 0, 0, 0 
0, 4, 21 
0, 0, 1 
0, 1 
0, 0, 10 
070 
0, 6 
0, 0, 11 

0, 0, 0, 1, 2 
0, 0, 8, 13.5 

0, 1, 3, 3, 4 

60 
30 
60 
30 
60 

. . . 
. 

96’iio , 
!JO- I 80 
90-180 
9(r180 
90 180 
!)O-1x0 
90-180 
90---l 80 

1530 
15-30 

15-30 

M-90 

* Imadnd t,g 9crew extrudcr. 

granulated material which prcscnted more surface 
and decreased the film Thickness of the! rubber. 
Furthermore, it was found that, many of the! unstable 
batches had a higher density than the s;tablc batches, 
indicating a higher phosphorus conLr:nt. On the basis 
of several months’ operation of tlic plant, it was posai- 
hlc to derive an inshbibity j&or rcprcsented by 

‘in = [lOO(upparent donsity - 1.26)y + (‘yO WP be- 
twccn 30 mesh and X0 mesh stantlnrtl wrcen - 70). 

These results led to the conclusion that, under the: 
conditions existing at the Edgewood Arsenal plant, 
and using the rubber then available, it, was advisable 
to maintain the particle siao of the granulated phos- 
phorus so that, less than BO to 7Ooj, passes a SO-mesh 
screen. Furthermore, careful cont,rol of the phos- 
phorus content of the PWP must, bc exercised so 
that, it will not cxcccd 75(x,, corrcrsponding to a11 
apparent density of 1.26. 

A summary of the surveillance results on 75-35 
FWF in bombs and rockets loaded at the NDBC 
pilot plant at Victor Chemical Works is shown in 
Tahlc 4. The explanation of the occasional unstable 

batches might well be found in the lack of control of 
the dr?grt:c: of granulation and tbc composition of the 
mat&t1 as was the case at Edgewood Arsenal. 

Wl~m it became necessary to product: material of 
higher viscosity than 75-35 FWP in order to ovcr- 
come the Mlistic: cliircrllties encountered with the 
critically balanced projectiles, the loading problem 
became more snrious. PWP 75-40, which contains 
2.5’s more ruhbcr in the mixture, has a viscosity 
number nearly twice that, of the 75-35 FWP. Conse- 
yucntly, the amount, of work done: on the material in 
forcing it t,hrough a small filling tube frequently 
caused Lhc material to become t,hc:rmally unstable 
n:gardless of the method used for loading. Somewhat, 
belter results wcrc obtained on FWP with high 
viscosity made with vcgctable oil plasticizers, hut 
evc:n here the results wcrc erratic. 

Table 5 is a summary of the surveillance tests on 
75-40 PWF in 4.2-in. rnortar shells filled at the pilot 
plant. Tablc 6 contains the results on representative 
batches from 6,500 shells filled at, t,he same plant with 
PWP containing vegetable oils. 

Since the viscosity of FWP is an important prop- 



Goodrich 
Goodrich 
(:OOdJF!lLt 
Goodyear 
Copolymer 
Ckqxtlytner 
COpOIytll~l 
C:OpOl~lllC~ 
Ck~polymer 
copolytnrt 
C:opolymcr 
&polymer 
C’opolytnet 
(hpolymcr 
Cbpolymcr 
C:opolytrler 
(:opolymcl 
CTopolymer 
c’opoIy trier 
Chpol,ymcl 
CJopolymcr 
Copolymer 
(:op”lymct 
Copolymer 
C:OpOljWlel 
CopoIyrrlel’ 
(Jopolymcr 

6 
18 
12 
13 
14 

12 
12 

13 
13 
1.5 
lr, 
15 
1.5 
15 
15 
15 
15 
15 
15 
19 
19 
19 
l!) 
19 
19 
19 
19 
19 
I9 
19 
19 
19 -.. 

l< Loadsd *Y//h hydraulic r-am extridr~v 

7P 5 
22h 7 

5F 6 
20b 8 

2F r 

SF : 
9F 2 

1OP 3 
11F ?I 
12F 3 
13F a 
14F 3 
J5F 3 
16E' 1 

2411' r 

2&F ;I 
26b 2 
27F 2 
28P 2 
29F'-34hY 6 (1 ench) 

35FT-891 6 ( I cdt) 
40F-46F 6 (1 cnch) 
46E'- 51F 6 (1 ertch) 
.52F-57' 6 ( I CHCh) 
m-63F 7 
64F-6617 4 (2 each) 
GI-G5 2 (1 each) 

11, 14, 31,36,39 
0, 0, 0, < I, <l, 3 
>30, >30, >a0 
>ao, >30, >30 
10 

JO, 13, 27, 33, >30 
3, 4, 8, 17, 20, 20, 24 
>30, 33, 3x, 41, 44 

4, 11, 18, 23,43, 44,46,, 49 
0.5, 0.5, 7, 7, 18 
28, 50, 70 
19,31 
11, 41, 70 
6, 15, 36 
9, 11, 27 
7, 11, 36 
<I, 3, 26 

8, 13, 19 
0 
18 25 28 2x 28 
13: 34' ' ' 
10, 22 
1.5, 5 
2.5, 7 
0, 2, 6, 7, 18, 41 

2, 6, 11, 13, 20, 40 
to, 17, 18, 19, 19, 37 
1, 4, 6, 9, II, 33 
4 13 10 23 25 27 
0; I.;, 3,'12,'20,'24, 43 
40, 40, 48, 48 
0, 0 

ert,y nffocting the ldlistics, it, wts desirable to know 
the effect, oi prolongetl raging on this propert,y. 
Mcusurements wre mde on :L large number of 
sumplns over LL pcriotl of several months. The: results 
are summarjzed in ‘l’:lble 7 and R~OW that, in general, 
the vist:osit,y increasw slightly for >L few days after 
manufat:tjure and then remains csst:ntially const:m,nt. 

The cause of t)hc thwmal instd~ility of high- 
viscosity PWP is not fully understood. hltl~ougl~ it 
itppears to be r’el~~,lc:tl to t>he physical structure of the 

which is the filling to he used lor bombs, rockets, xnd 
projectiles wit,hout, critical bdlistins, can be made 
thermally stalk :ud othercvisc: djisfactjory from a 
wrveillanw stantlpoint~, but the munufacturing de- 
tails of the more viscous filling f’or high-velor:it,y, spin- 
stabilized shells hnvt: not, .yet, been developed, and 
mow information is ncocssxry before a satisfactory 
product, can be procluccd. 

37.6 PWP AS A SCREENING ACEN’I 
mixture, there is dso some ev&we that Iho phos- 
ptiorus itself exi:rt,s ::L chemicd dfwt, on some ruthers, 

X7.6.1 Tests on the 4.2-in. Chemical 

wusing an int:rc:we in the gd content in the! film 
Mortar Shell and MP7A.Z Bomb at 

surrounding the particles, thcrcby de&wying the 
Dugway Proving Ground 

_ . 
strength and elastic&y of the membranes. This effect Aflcr t,he prelimirtxy tests on screening efficiency 
is grc:ltcrinsome rubbws than in others. l$wthermorc:, of PWP, 4.2-k CM shells :mtl M47h2 bombs wer(: 
it is influcnccd by t,he witlitJy and oxygen content, of tested ftt Dugway Proving C:~ro~ml in the spring of 
the mixtJure. It is concluded Lhrtt, the 75-35 PWP, 1944. Wlic:n compared will1 t,lic name munitions filled 
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:md Hhipmrrrt 

Copolymrr 15 

Goodrich I2 

Goodrich 12 

Goodrich 12 

Gondyear I3 

Goodyertr 13 

Nstinn:tl 14 

Nrttional I4 

S:~tion:tl 14 

Copolymer I!) 

(kqolymer I!) 

oqmlymer 19 ?i- 145 

Copolymer I !I S-l 30 

C~opolymcr 19 s-133 

Copolymer 19 J-1 35 

Copolymer 19 X-l 27 

Copolymer 19 x- ,12!1 

(kbpolymer I!) x-134 

Nrttionnl 20 L-3 I 

Nntionnl 20 T,-27 

Nntional 20 T, 62 

Copolymer I9 (Z-2 

Copolymer 19 o-4 

Copolymer 21 K-l 

number* 
-. - 

E--Cl 

K30 

l!: -233 

k-34 

E-51 

E-f50 

K 64 

k-65 

&“?l 

x-no 

S-l 14 

75-40 62 
71 

75 36 48 
48 

75-40 52 
58 

75-42 57 
5% 

75-35 62 
57 

75. -35 52 
41 

75-35 49 
.5 1 

75-35 40 
5.5 

75-42 75 

75-40 --3or,ot i: 
93 

75-40-301.0 83 
76 
79 

75-40 -3(lLO 77 
73 

75%40.-10505 02 
76 

75.-4C2OSO 78 
07 

75-40-3050 130 
140 

754(rlocod 48 
57 

75-4~~2oc:o 57 
71 

75-40 3wo 77 
88 

75-40-25T>O 71 
78 

75--4(HOT,O 78 
78 
x4 

754cTZOSO 63 
68 

75-40-2050 8 I 
104 

75.-4~30T,O 74 
89 

75-4&3OLO 70 
88 

18 
154 

40 
5x 
II 
40 
11 
40 
34 
50 
25 

15ti 
15 
37 
15 
37 
13 

151 
37 
72 

2 
r 

4; 
2 

28 
I 

36 
1 

35 
I 

37 
1 

36 
1 

36 
I 

35 

3: 
1 
3 

38 
1 

lfi 
2 

29 

3: 
I 
t 

with WP, t,he PWP rounds produced marktdly 
superior smoke screens. Figure I shows the? difference 
in t,hc? smoke screens produced by mortar shells with 
t,he two types of filling. In conntrast to those from WP, 
the screen from the PWP is continuous and the 
pillaring is negligible. In the case of Ihe M47A2 bomb, 
the pla&:izod phosphorus produced about one-half 
as much a pillar as the solid phosphorus. The ground 
screen from the former, in contrast with that from 
the standard munition, hat1 no tendency to lift. The 
durat,ion of the screen near the source was at lcast 
2.5 min compared with 1 min for ~hc WP filling. 
Partial screening continued for sevcrsl minutes 
longer. The area contaminated by the PWP was 
about 15,000 sq yd, whereas that, contaminated by 
the solid WP was aboutj 2,500 sq yd. 

In May and June 1944, extensive t,ests were con- 
ducted at Hugway Proving Ground to compare 
M47A2 bombs tilled wit,h WP, WPT, and PWP. As a 
result of these, the following conclusions were 
reached relative to the M47A2 bomb with PWP.’ 

I. The lvI-4 burstcr is too powerful for use with 
PWP in the M47A2 bomb on hard ground. 

2. The M-7 burster has insuffi’cicnt brisanct! for 
the PWP-filled M47R2 bomb. 

3. The y<(;-in. TNT burstcr does not give sufficient 
distribution of the PWP when dropped in the M47A2 
bomb. The smoke scrocning is excellent, but possible 
antipersonnel effects are reduced. 

4. The Fi-in. tetryl burster gives satisfsc:t,ory re- 
sults on l&l hard and soft grourld with M47A2 
bomb filled with PWP. 

5. The 75-40 YWP produced a slightly better 
smokr screen than &her the 75--35 or the 75 -42 mix, 
but has le6s effective antipersonnel distribution than 
the 75-35 mix. 

li. The PWP tilling in the M47h2 bomb produced 
a bet!ter smoke screen and better antipersonnel distri- 
bution than either the WP or WPT; the WPT ranks 
mcond in effectiveness. (WPT is a combination of 
WP and pupcr tubes, thr: latter adding mechanical 
strength and reducing tdlc! fragmentation of the 
phosphorus.) 

C:omparison tests were later made by the Chemical 
Warfare Board on the relative screening effectiveness 
of 4.2-in. chemical mortar shells filled with WP, 
SWP, and PWP. (BWP is a mechanical mixture of 
steel wool pellets and phosphorus.) The reports of 
these tests indicate that the PWP rounds were dis- 
tinctly superior to the others, for either land or water 
impact. 



37.6.2 PWP in the 4.2-b. Recoilless 
Mortar Shell 

Far use at low-angle fire, PWP provctl very suc- 
cessful when used in the 4.2-m. recoillcss mortar 
shell. In a large scale simulated combat, problem at 
Camp Hood, Texas, in July 1945, thin round was 
used for firing against cave installations with cxcel- 
lent, results. During one test,, five rounds of PWP- 
filled shell were fired into a small cave entrance and 
tho smoko completely prevented observat,ion from 
the: insirlc of the cave for more than 15 min.8 

X7.6.3 1’W.P in Other Army Munitions 

ln addition to the mlmiti(JnS already mentioned, 
PWP was accepted for standardization in the follow- 
ing munitions used by the Army Ground Forces: 
GO-mrn mortar shell,” Sl-mm mortar sllell,Y 4.5-m. spin- 
stahilieed rocket, and 2.3%in. rockets. It was shown 
to be superior to Wl’ for laying smoke screens in the 
75mm, 105-mm, and 155mm shells. Since these are 
seldom used t,o lay screens, however, but rather are 
used mainly as spotting rounds, WP has an advantage 
over PWP because of the pillaring effect of the: smoko 
cloud. Therefore, it was not anticipated that these 
rounds will bt: filled with PWP. 

37.6.4 1’W.F in Navy Munitions 

PWP tilling wits first testad in Navy 4.5-in. bar- 
rage rockets in an ostensive program on smoke 
tactics at, the Amphibious Training Base, F’ort 
Fierce, Plorida, in June 1944, Tt was concludctl that 
the new filling, because of its longer burning time, 
W:LS superior to both FS and WP for land impact and 
about nqual t,o FS and superior to WP for watet 
impact. ‘” 

The superiority of the PWP over both I# and WP 
for screening landing operations was clearly dnmt)n- 
stratcd, in the tactical evaluation of the ~4.5in. rocket, 
the 7.2-in. chemical rock& and the 4.2-m. chemical 
mortar shells.ll The munition recluirt:rnentjs with 
PWP were appreciably less than those for t,hc other 
fillings, and under some: conditions, screens cnrlld be 
laid with PWP which were completely imprar:tica,l 
with either FS or WP. These munitions were con- 
sidered most effective in laying flank screens wvit,h 
offshore winds, and in screening emmy positions at 
some distance from the landing beach. Effect,ivc burn- 

ing t,imes up t,o 4 min wert: obtainctl. The: 4.5~in. 
rockets functioned quite sat,isfact,orily on both Iand 
and water impact. The chemical mortar shells filled 
wit,h PWP functioned well (Jn lantl, hut ori water the 
quant,it,y of smoke was considerably reduced. Tum- 
bling of the shc?lls was not observed at the ranges used 
(500 to 2,000 yd). The 7.2-in. rockets functioned 
satisfactorily on land impact, but produced no smoke 
at all on the water. Therefore, the pi-in. tetryl 
burster and thr: Mk 137 Mod 1 fuac were considered 
unsatisfactory for the PWP filling. As a result of 
these tests, it was rt:c:ommcnded that PWP-filled 
4.2-in. mortar shells and 4.5in. rockets be procured 
as quickly as PWP could bc made availnblc. 

In the (:ours(? of the: work ut Fort I’iercq M47A2 
bombs tilled with PWP were tested tactically in com- 
parison with the standard WI’ filled rnunitions.12 The 
PWP-filled bombs were again found more satisfactory 
for screening landing operations t,han the WP-filled 
munitions. The modified M-4 burstcr, consisting of 
y{e-in. diameter TNT pellets wit,11 a tetr.yl pelI(?t at 
each end, gave bet,tc?r results than the st,andartl M-4. 
The bombs were considered particularly useful for 
laying flank scrww with offshore winds, six being 
required f(~r a screen of S min duration. In general, 
the bombs were consiclercd most, satisfactory in 
screening areas removed from the landing beach so 

that, the antipersonnel effect of burning PWP could 
be csploit,cd without interfering with friendly troops 
aft,r:r the landing. The procurement of M47h2 PWP- 
f&d bombs for the Navy was recommended in view 
of their gennral utility for screening landings. 

A further demonst,ration of the efiec-:tivencss of 
PWP filling was carried out by tht: Amphibious 
Forces, II S Pacific E’lcct, at, Oahu in December 
1944.l” J3oth 4.5-in. rockets and M47h2 bombs wert: 
used. Figures 5, 6, and 7 show pictures of the screens 
in comparison with screens from WP bombs. It was 
concluded that, rffective screens co111rl br! maintained 
for from 2 to 5 times as long as witlIi an equal quantity 
of bombs anti rockets filled wit,h WP or FS. It, was 
recommended that, delivery of munitions with this 
filling to the theaters of operation be oxpetlited. 
Large-scale procurement, was therefore init,iated, but, 
unfortunnt,c:ly no frnmit,ions roached the forward 
areas in time to be used in any opcrat,ion. 

As a result of the t,csts in Hawaii, a FWP filling for 
3.5-in. aircraft rockets was rleveloprd and adopted. 
These were tosted in ,June 1945 at, t’he. Naval Proving 
Ground, Dahlgren, Virginia. The: 75 35 mixture was 
considered sat&c tory and a j<&in. tliametcr tetryl 
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followx: 
I. From a, static: blu+st, of 1.2-in. chemic>d mortar 

shrll charged PWP, as many as 4,900 burning pnr- 
ticlcs larger than 0.025 g reached the ground. The 
maximum conccn tration of the part,if:lcs occurred 
about, 30 ft from the burMt where there were about, 35 
particles per 100 sq ft. The amount of the filling 
reaching Chc ground CV>~LR between I7 and 4 I y&. For 
WP shells the amount, of the filling :~vailable for anti- 
personnnl purposes was less than 5’s. The maxirnurn 
concentnltion occurred within 15 ft of the burst, and 
the total number of particles greatar than 0.0126 g 
varied from 100 t,o 2,650 for diffcrcnt burst>fi. 

2. The burnt; produced on cloth by WP and PWP 
were of approximalcly the snmt: sizr as these particles 
produced on noninflsmmsblc rnaterinl. Thr: size of 
burn from a piece of PWP was corifiidarahly smaller 
than a bum produced by an equal weight of WP. 

3. Vaporized phosphorus from both WP wd PWP 
was obsservcd to diffuse through six layers of cloth. 

4. The: flame temperature of PWP is higher than 
that of WP, but, the burning of PWI’ does not, cause 
it, t,o become hot, enough to cause thr: rubber to flow. 
The phosphorus and xylene are given off in both 
liquid and gaseous form. 

Additional work on the antipersonnel offccts of 
WP, PWP, and SWP has I-mm reported by the Medi- 
cal Research Laboratory at Dugway Proving Ground 
in weekly reports from Fcbrrxary through Au@, 
1.945. The compnrativc results may bo summarized 
as follows: 

1. Tests on the! penetration of two layers of cloth 
separated from 0 to 19 mm by an air space with 
IOO-mg pieces of WP and PWP showed t,he PWP 
to be inferior to the WP as measured by the timt: of 
penetration (3 set vs I so(:), size of burn on the cloth 
layers (18 mm diameter vs 28 mm dinmotr:r), and t,he 
thickness of air space they will penetrate (10 mm vs 
19 mm). 

2. The distribution of stain clinm&rs on horieon- 
tul and vertical cards was determined for PWP, WP, 
and SWP from statically fired 4.2-in. chemical mortar 
shells. The ranges of stain diameters (in mm) used for 
classification were BO to 100, 40 to 60, 25 t,o 40, 15 to 
25, and 5 to 15. Compared with results from WP, the 
number of stains in the range 5 to I5 mm diameter is 
less for PWP. For other ranges, the number of stains 
near the point of burst is iLbout the sxmo for each 
agent, but with PWP the density does not decrease 
as rapidly with inorcaxing distance? from the shell as 
with WP. Similar t&s showed that with SWP, the 

stain size distribution was exxcntially the: same as for 
WP. 

3. Tests were conductc:d t,o explort: the effects of 
extrcmcly heavy rontJaminations of WP in producing 
significant disnbility or rlc:& amorifi cl0sel.y clipped 
goats. In each t,cst, four 4.2-in. chemic:::J mortar shells 
were arrangctl symmetrically about the test animalfi 
p&cd on the ground surf:lce and in slit trenches. The 
shall fillings were Wl’, PWP, ant1 SWP. C:o:.ltti wer(? 
from 3.5 to 17.5 yd from the points of burst. hllhough 

in some casts, cstensivc scconcl cJqrt:c !JUrrlS were ob- 

tained, nom: of the goats was rnorc: than mildly in- 
jured by the incendiary filling. It, is concluded that, 
among closely clipped goats, ncilher death nor in- 
capacitating injury may be achieved by means of 
4.2-in. shells fillctl wit,li WP, SWP, or PWP. There 
was little diffcronce in t>hc: resultIs obt,uined with the 
three types of fillings. 

On the basis of all these: t&s it may be conchded 
t,hat, PWP compares favorably with WP as an unti- 
personnel agent. The value of each depends on the 
tactical situation, the weather, and the disc*ipline, 
disposition, attire, and rnorale of the enemy troops. 

37.7 SPlXIFTCATlONS ANL) CONTKOLS 
USED IN THE MANUFACTURE OE’ PWP 

37.7.1 Plant Inspection Methods 
The following inspection procedures wcrc used in 

the operation of the PWP plant at Edgewood 
Arsenal. 

SpeciJcation.. The white phosphorus shall be of 
suoh fineness that 75(7’ shall be in the range of 0.2 mm 
to 0.6 mm in diameter, and not mor(? than SC% shall 
bc in excess of 1.2 mm in diameter. 

The particle siw of the phosphorus was measured 
by sieve analysis on each batch. A check was made 
between the results obtained by this method and 
those by microscopic, examination. The sieve analysis 
proved more complete and accurate. 

The analysis was run as follows: 
1. A sample of one-half pint of the granules is used. 
2. A series of three screens, I(?-mesh, SO-mesh, and 

80-mesh, is used and the weight of’ granules retained 
on each of tlicsc screens is determined. 

The method of determining the weight of granules 
held on a given screen is as follows: 

1. A gradrlate is filled with water to a given mark 
and the weight of graduate plus wstcr is determined. 
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2. The sample of granules is transferrd to the 

graduat,e and the graduate rcfillctl to the same mark 
with water and reweighed. 

3. The dif&rence between the weights is clctcr- 
mined. 

4. The percentage in each rungs: is calculated as 
follows : 

Let, (Y = wc?ightJ of graduate in grams; 
W = weight, of water to fill graduat,e to 

mark; 
X = volurnc of WP granules; 

1.8X = weight of WP granules. 
Thus: sp gr of \vatcr = 1.0; sp gr of WP = 1.80. 

(1) Wt of graduate plus w&r to mark = G + W 
(2) Wt of gruduatc plus water plus WP to rnark 

= G + (W - X) + 1.8X = C: + W + 0.8X 
Difference in wt, [(a) - (I)] = 0.8X, 

where 
X = difference in weight/O.8 = volume of WP 
1.8X = 2.25 X difference in weight = wt of WP 

Tht? accuracy of the method depends upon the error 
in reading tht: lcvcl in the graduate, and thus, the 
graduate? should bc as srnall in diameter as possible. 

MOISTURE 
Bpcc$ca&~ti. Moisture content was tentatively srt 

at a maximum of lZy(, by weight. 
In the early operation of t,hc: plant at Rdgewood 

Arst:nal the per cent moisture in the PWP was de- 
termined for each batch using samples from the! mixer 
and from thn extrutlor. The greatest sotlrce of error 
was in sampling. Because of the nature of the: ma- 
terial and it,s tjcndoncy to exude water, it is doubtful 
that t,he rasults were accuratJe. Duplicate sumplos, 
howcvcr, gave fairly reproducible results. Later, the 
samples were taken from material extruded into a 
rocket, body which was split, and t,he halves clamped 
togcthr. A 2O- to 30-g sample was used. The water 
content was determined as prcscribcd in Federal 
Specification VVL-791 (Method No. 300.14) using 
xylene as the solvent. 

THERMAL STABILITY 

Specijicutioa. It was stipulated that not more tllen 
2%) by weight of white phosphorus should separate 
from the matcriul when tjested as prescribed. 

A sample was taken from the mixer, and two 
samples were taken from lhe &ruder for each batch. 
The mixer sarrqh urd OIIC cxtruder sample WCI’C 

plac:etl in the oven immediately. If the cxtrutlor 
sample showed less than 2% separation of the phos- 
phorus :tftcr heating to 150 F for 24 hr, the other 
sarnplc, which had agod 24 hr, was put, in the oven 
for survt?illanoc. Initially, the sample was ext,ruded 
tlircctly int,o a bottle, but lutcr it, was taken from t,he 
split roc:kcl body. 

The amoun t# of separation was determirmtl visually 
losing t,he following code : 

0. E;. no stlparation 0% 
Fair a few small droplets separation 0 to 211, 
Poor a pocket of separation covering 

less than half the bottom 2 to 5% 
N.G. anything from a layer covering 

the bottom to complete sepa- 
ration 5(x, or more 

SPECIFIC GRAVITY 

Spec$cation. None. 
The! spc&ic gravity was determined on the sample 

used for moisture determination. 
The weighing vessel consisted of a wide-mouth 

container equipped with a sliding cover which closed 
the vessel wit,hout t,rapping air.. Four weight, deter- 
minations were necessary to determine the specific 
gravity: (1) the container filled with witer, (2) the 
container partially filled with water, (3) thn same 
phs the sample of PWP, and (4) the oontuint?r with 
the PWP filled with water. 

The difference between (2) and (3) gives the weight 
of the sample. The difference between (4) and (1) 
subtracted from the weight of the sample gives the 
weight of water displat:c!tl by the sample and is t,here- 
fort cquivalcnt to its volume. Frorn the volume BIII? 
weight of the sample the specific gravity was dc- 
termined. 

37.7.2 Plant Control Methods 

AITAHEW VIsoos;lw 

Spec;ification. None. 
Rpparatus. The extrusion plastometer used for 

measuring the viscosity of PWP is shown in Figure 8. 
It consisted of a cylinder having a cross-sectional 
area of I .O sq in., fitted with a piston, and with an 
orifice plug with an opening J:;-in. diameter and 
S<C, in. long. The top of the orifice plug is tapered 
at, a 45” angle to meet the diameter of the cylinder. 
Figure 9 shows the apparatus used to apply a known 
w;ght, to the extrusion plastometer. The weights 
(25 and 50 lb each) are placed on a platform mounted 
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on the shaft, which was raixcd and lowcrcd by the 
reversible motor mounted on top. In addition, a 
hydraulic: press capable of exerting a force of 3,000 111 
and a thermostatic bath wore required. 

Methocl. The sample of PWP is brought to 25 CJ by 
storage in a water bat,h. The empty cylinder is fitJtctl 
with a solid plug instead of the: orifice and filled 
nearly to the top with the sample by tamping firmly 
with a rod. The sample is then compacted in ihc 
hydraulic press with H force of ahout 3,000 lb for a 
minute. This forces out, the pockets of air and water 
and assures uniformity. The solid plug in the cylinder 
is then replaced try t,hc orifice and the plastorncter is 
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mounted in it,s Mtlcr in a can filled with wutcr at, 
25 C. The weighted shaft, is lomcrcd and the time re- 
quired for the: piston to move through a tlixt,ance of 
4 cm, after a prcliminery 2 cm, is obscrvcd from 
calibration marks on the shaft,. Generally two rcad- 
ings are obtained from thr: sarnc sample by making 
a separate measurement, of thr: time required t>o pass 
through a second 4 cm immediately following the 
first, four. The time: for the first 4 cm is referrod tn as 
tI and t,he time for the: tiecond 4 cm as tz. 

Culculntinn (4 Ram&s. The shearing ~t,rcss F and 
the indicatctl rate: of shear R were calculated from tllc: 
formulas : I7 

,$ = pr/ = -. 4 X 6.45 X V/(jO 

Id ~(2.54,'8)~ 
where I’ = pressure on sample in psi, 

R = radius of cylinder in cm, 
r = radius of capillary in cm, 

L = lengt,h of cxpillar;y in cm, 
q = rate of efllus in cc per set:, 
P = stress in psi, 
8 = rate of Acar in see-I, 
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1’ = rat,e of movement of pist,on in cm per min, 
W = weight in lb, 

t = timr: in minutes required for piston lo 
t,ravel 1 cm. 

In practicr: it was found that tl is usually larger 
than tz. The averago was used. 

If the values of P’ find if: ohtJain(:d by using several 
different weight>s arc plotted on log-log paper as in 
lcigure 10, straight lines are obt,aincd. The consist- 
cncy, or apparc?nt, viscosity, of the material. at, any 
shearing rat,{: is simply the ratio P/X. As an arbitrary 
value, the stress required to produce a shearing rate 
of 100 SCC’-.~ was chosen to characterize PWP. Since 
the vxluc:s were not :&sohltc this was called the 
viscosity number. 

A ccuracy of the Method. Even though no absolute 
significance can be att,ached to the viscosity number 
determined with this instrument,, the results were 
useful in comparing samples of PWP. The chief dif- 

fic~llt,y in getting reproducible dat,a resulted from the 
variation in particle size of the phosphorus which 
occurred from one batch to another. Tf a sample con- 
tained a large number of phosphorus particles thnt, 
were near the size of the orifice, a high valuc~ was oh- 
t,ained. ICveri in :L sing10 sample thcrc: wax likely to IX? 
a noticeable variation in connist,cnc,y. This was par- 
ticularly t>rue of samples that, havt? b(?cn &red for 
some time, where the l’W1’ OIL t,hc: surface was fount1 
to be stiffer than that, undcrncatli. 

If :1. samplr contained no particles larger than 
I-mm diameter, and if care was taken in selecting a 
sample to fill the: plastomet,er, the values obtained 
w(tr(t gencrully reproducible to within 5fj&. 

Vrscosr~r 0~ CONC~P:NTRATETI R,IJBBER SOL~JTION BY 

TIIE FALLING BAiA M WHCI I) 

Specijicdiw~~. None. 
Appar’dus Used. 1, Test, tubes, 150 x 16 mm, with 

marks ctchcd or scratched 2 cm apart. 
2. 
3 1 . 
4. 
5. 
(i. 
7. 

Soft iron hexagonal plungers ,I fi x 135’ in. -71 
lkwhinc far homogenizing the rubber solutions. 
Centrifuge. 
Constant temperat,urc: bath. 
Steel balls (!<c, in., or 0.1588 cm). 
Cork fit,ted wit,11 small funnel, made by flanging 

the end of capillary tJubing (2 mm), for introducing 
ball bearings into that contcr of the liquid surface. 

8. stop watch. 
Method. The c:xac:l diameters of the ball bearings 

arc measured with a micrometer and several arc 
selected which arc within 0.0005 cm of the same siz(h. 
A known number of ball bearings is t,hen wcighcd and 
their drnaity calculated. Two marks, 2 cm apart, are 
scratched or etched on the walls of 150 x l&mm test 
tubes. The internal diameters of the test tubes are 
measnrotl with a micrometer. 

The clean rubber sample is weighed to the nearest, 
milligram and a l(i.5u/U solution is made up by dis- 
solving I.700 * 0.001 g of rubber in JO ml of solvent. 
Ten millilitjers of a solution of three parts of acetic 
acid to one thousand parts of CP xylene, by volume, 
is aclclcd from a pipet, and the t,est, tube stoppered 
with a cork covered with tin foil. ‘l%: rubber is al- 
lowctl to swell and dissolve for at, least lti hr. Then a 
hexagonal plunger is placed in t>hr? Lost tube and the 
solution homogenized wit,h the machine for I hr. Set: 
Figures 1.1 and 12. 

The test tube is taken from the machine, and the 
air bubbles in the solut,ion arc removed by acmtri- 
fuging. A cork fitted wit)h a funnel prepared from 
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lhcuar, Il. hppnratus for determining concentrnted 
stht~ion viscosity of tuhlwr solutions. 

2-mm capillary tubing is placed in the test, tube, 
which is then placed upright in a constant t,cmpara- 
turc bath and equilibrated to 25 1 0. I C:. The stcxl 
bslls are dropped in, and the times of fall between 
the two marks on the test tube arc measured with a 
stop watch. Measurements are made with three or 
four balls introduced one at a time. 

The vinoosity in poises wtm o~lc~tlatecl using the 
equation : 

9= 
9d2(fl - P> . 

18-d 

[I - 2.104(d/D) + a.on(fl/u)~- 0.95(d/D)hJ 
where r = viscosity (poises), 

9 = acceleration due to gravity (cm per scc2), 
u = density of sphere (g per cubic cm), 

ELECTROMAGNET 

TUEE HOLDER 

20 RPM GEAR 
REOUGTlON MOfOR 

Frrxrrt~ 12. Magnetic thirrer. 

p = density of fluid mctlium (g pnr cubic cm), 
v = velocity of sphere relative to wall of tube 

(cm pr:r set:), 

d = diameter of sphere (cm), 
D = intcrnxl diameter of test tube (cm). 

SarrLpZe L)ata. Typical data include: 
GR-S sample - Copolymer Rubber Corpora- 

tion, Shipment No. 19 (Received 28 November 
1944) : 

d = 0.1577 cm 
D = 1.341 cm 
u = 7.96 g per cc 
p = 0.90 g per cc 
2) = 2/43.5 cm per set (times of fall, 43.6, 

43.4 and 43.6 see) 
g = 980.6 cm per scc2 
tj = 157 poises 

A ccmracy. The error of the measurements is from 
1 to l.S(j$. The times of fall of several balls through 
2 cm of a particular rubber solution varied by about 
1 part in 70. The values for the viscosities of sovcml 
samples of the same rubber also vary by about 1 part 
in 70. 

37.8 VARIATIONS IN THE MANUFAC- 
TU RTNG PROCESS 

37.x.1 Types of Rubbers and Solvents Used 

All of the rubber used in the manufacture of PWP 
was the usual type of SO--20 butadienc-styrene 
polymer made by the emulsion process in the govern- 
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merit, synthetic rubber plant,s. The spccificationx for 
this t,ypc, of rubber call for a Mooney visc:onit,y bc- 
tween 40 and AU. These rubbers containctl approxi- 
mately 574, fatty acid, 2{5, antioxidant, O.5u/0 soap 
and Icss than 2% wtcr. Tlic: gel content of several of 
t,hc early shipmttnts was very high. As a matter of 
facbt, it was t,hought at first that this was essential for 
making good PWP, bccausc much of the early pro- 
{luclion at, the pilot plant was wit,h a product which 
ran from I li t>o 46% gel. Later, it was found that, such 
B high gel cont,ont was ~musual, and before the pro- 
duction was st,artcd at the Fldgewood Plant,, the 
specifications for this type of rubber were set, tjo ro- 
qrlire t,he gel content, to be less t,han 3Oj,. Nearly all 
of t>hc later shipment,s had no gr:l whatcvcr. 

Thr: swelling coefhcicnt,s, intrinsic viscosity, and 
concentrated solution viscosity of the rubber also 
varied considerably in the curly shipments. It was 
found that there could be a considerable range of 
thexr values without much affecting the plasticity of 
the product. In order to prevent too great a variation, 
howcvcr, it was finally rccommcndcd that the con- 
contrated solution viscosity be held between 100 and 
200 poises at, ltj.5”i: in xylene. 

In order to d&ermine if other rubbers might bc 
avail&lo which would be more suit&lc than the 
G&S, samples of several different compositions were 
obtained from rubber manufacturers. Thcsc included 
the 85-15, 65.- 35, and 50-50 butadiene-styrene poly- 
mers, acrylonitrile, polyisoprenc, neoprene, and 75-25 
isoprcne&yrene polymer. None of these appeared to 
hxvc any aclvant,agc over the usual GR- 8, and most, 
of them were tlcfinitely inferior for use in PWP. 

In addition to varying the propert,ies of the rubber, 
t>he possibility of modifying the composition by the 
addition of other agent,s was conxidcrcd. Among 
thost: llsrd were the tactifying resins, such as NXD- 
Calax (from the National Rosin Oil and Size Com- 
pany), Stayl~cllitc: Resin 10 (from the Herculns 
Powder Company), dibutyl phthalate, vegetahlo oil, 
zinc oxide, ant1 r&timed rubber. The most promising 
of these were the: vegetable oils, such as linseed, soya 
bean, and cottonseed oil, which acted as plast,ic:izors 
and greatly increased t,hc viscosity of the product,. 
Protlllcts having viscosit,y numbers above GO could be 
ma& easily by substit,nting these oils for 40 to SO<%, 
of the: xylene. Materials wit,h higher viscosit,ies could 
b(: made also by subslituting a part or all of the 
xylcne wit,h lubricating oil, fuel oil, or turpentine. 
Those made with turpontinc were more unstable than 
those made with xylem:. Several batches were also 

made with light naphtha as a solvent. None of these 
solvents appeared to give products superior to those 
rnsdo with xylene, although furthor invcst,igatinn 
along these lines may be warrant,etl. 

Jligher viscosity products could bo made by substi- 
tuting a part or all of the xylenc with monomeric 
methylmc?thacrylatc, or styrcne, which could be 
polymerized to give a very tough product, provided 
the GR. S had no antioxidant init. The batches made 
in the laboratory had the antioxidant removed by 
extraction wit,11 acctonc. A special rubber from which 
the antioxidant was omitted was later furnished by 
the Government Rubber Laboratory at the University 
of Akron. This material had entirely diffcrcnt propcr- 
ties and the PWP made with it was not thermally 
st,able. It is possible t,hat, further work along these 
lines would produce u product which has low viscosity 
when made, thus improving the ease of shell filling, 
and then the viscosity could be increased in a curing 
process to give a stable material with the de&d 
viscous propcrtics. 

37.8.2 Recommendations for Future Work 

The variability in the thermal stability of the 
product, that has been noted in the case of the high 
viscosity PWP, such as 75-40 and 75-40-3OL0, indi- 
cat,es the necessity for further dcvclopmental work on 
this material. The fact that a thermally stable ma- 
tcrial has been made on many occasions, both in the 
cxpcrimental plant, and in the pilot plant, shows that 
it is possible to make a satisfactory filling and that, 
it is only nocofisary to get the manufact,uring proaoss 
under control and to specify t,he proper raw rnatcrials 
t,o produce a uniformly good matcriul. This suggests 
that, a fundamental investigation of the nature of 
PWP and the fact,ors that control its thermal sta- 
bility is necessary. Some work was done along this 
line but thcrc was not sufficient, time to carry it, to it 
definite conclusion. The results indicat,etl t,hat, Borne 
of the synt,hctic rubbers are much more affcc: tot1 
chemically by the phosphorus than others, so that 
the gel content increased rapidly during the mixing 
process. There was no incrcust: in the gel cont’ent for 
other rubbers but, there was a prono~mced decrease in 
the concentrated solution viscosity of the rubber. 
Rubbers from the same manufucturcrs sometimes 
behaved differently. Thcrc: was no correlation be- 
tween the effects of mixing and the original con- 
centrated solution viscosity. 

Other suggestions which have been made for 
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studies tjoward improving the quality of PWP are 
as follows. 

1. The: molecular size and di&+ibution in t,h(: rub 
leer, the percentage of sol :~ntl gel ru t)bw, :mtl Lhc 
titrucbure of these materials arc all important factors 
in determining the strcngt, 11 and stability of the 
swnllcd polymer. The spread from 40 to,60 permit tccl 
in the Mooney number by t,hc: prcsmt GR-8 specifi- 
cations actually gives ;1, wry wide spread in the 
intrinsic rubber propcrtiw (wpcciully in a process 
whcrc the breakdown of tlic: rubber is to be kept at a 
bare minimum) in tlintiwtion wit,h orclinaly rubber 
processing which inlroduces considerable brea~ktiown 
followt:tl by subsequent curing which tcntls to cvcn 
out tticw variations. It, is recommentlctl tliut, rubber 
be usctl with Mooney numbers betwwn 50 and 55, 
and that the gel content, be held lwtwccn 2 ~tnd 5% 
rather than less than 30/O. It, is f(:lt, that t,hese specifi- 
cations will give a more rcprotluciblo product. 

2. The: t>endency to form gel by chemical action 
of the! phosphorus and phossy water is :I typical char- 
rwt,c:ristia ol GR, 8 rubher. Othw sulwt,:.mcos, such ss 
copper, lead and manganow s~llts, peroxidcn, oxygen, 
and zinc oxidc, protlrw the same results. The forma- 
tion. of gel wound the phosphorus particles could 
easily be the cauw of the thermal instability. This type 
of hnrdf3iirig has been prevented in t,lie case of air 
and light! by USC of large quantities of antioxidant. 

3. ‘I’he effect of pigments and other occlusions, 
even small l~ubl~lcs of air, sl~oulcl be studied. It is 
known thet these have an important8 bearing on the? 
physic31 properties of (:I<,-- 8 memhraries. 

4. The possibility of ot,hcr po1ymr:r.n to replace 
GR---S should be included in this sLutly. This field 
could not, be explorctl during the war bewuse of the 
lack of time and the inadvisability of trying to de- 
velop a new product needed in such large quantities 
as the domttntl for PWP indicatea. 
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Chapter 38 

INSECT CONTROL - THE DEVELOPMENT OF EQUIPMENT 

FOR THE DISPERSAL OF’ DI)T 

38.1 1N’1’HODUCT1OB’ 

T IIE AI)VII:NT of t,he war and the rcsultJantfl rapid in- 
crcas(~ in personnel of Lhe Armed Forces and their 

dispersal tlo many parts of l;ho world, c:r&ed a t,rc?- 
mendous haakh problem whose importance WA 
c~lualled by few other military consideratione. One of 
the primary factors involved in this hrlalt,h problem 
\YBS t#lie cont#rol of insects, for, as an example, the 
mimber- of cusualtiw from maltLrin and other insect- 
borne diseases in t,h(: l’acific Theaters early in World 
War 11, was equal t,o or greater than those from 
enemy action. From the: point, of’ view of morulc of the 
fighting men, it, was also important to rctiuce pest iri- 
sects which oft,c:n seriously hampered normal oper:i- 
tionts and redur:r:tl t>he efi.cienr:y of our fort:r:s. Tt was, 
therefore, int:umbent~ upon the medical oficers of 
both the Army und Navy to tL:vc!lop methods of con- 
trolling insects, part~iculnrly mosquitoes and flies, in 
all amas occupied by allied forces. 

The: necessity of placing men in localities that 
ur&:r ordinary circumstances would be considered 
uninhabitable incrcasotl the difficulty of obtaining 
adequate control measures. Almost inaccessible 
jungle areas wcrc often the site of prolonged occupa- 
tion by our forces. Since, in somt! cases, it was desira- 
ble to carry out insect control measures in places 
&ill occupied by appreciable numbers of the enemy, 
new complications wcr(? added to insect< control work. 
Although many new und difficult problems arose in 
the forward areaH, there also existed the tremendous 
task of controlling insects in numerous camps spread 
throughout, this nountry and in many vital civilian 
amas. 

UnGl the discovery of DDT, oil sprays cont,aining 
pyrethrins were most generally used in controlling 
adult motiquitoes. However, the supply of this in- 
secticide W~LS ext,remeLy lirnit>ed, particularly sinrte the 
occupation by the Japancsc: of many localities in the 
southwest Pacific had eliminated the main sources of 
supply. When the insecticidal value of DDT [l-tri- 
chloro-2,2-bis-(p-chlorophenyl) ethane] in tests with 
the Colorado potato beetle was firEt disrcovcrcd by the 

Geigy Company, and whr:n it, subserluc:ntlywas found 
effective against a wide variety of incsects by workers 
inEnglunt1 ~~rltl this country, its possibilities in solving 
t,hc? insect control problems of the Services were con- 
sidored. As atltlitional test dat>a became: availahlc to 
show its extrorne t,oxicity to mosyuitoos, flies, lice, 
etc., the prorluctior~ of DDT was expedited and, by 
the end of the: war, was more than suffiaiont, to satisfy 
the demands 01 all our Arm4 Forces. 

Early tests with DDT, whiah proved lo I-M: both it 
aonttrct and a stomach poison, showed that kills; could 
be obt,ainetl in t,hrec ways: (1) cmtnct kill, i.e., by 
collision of the airborne! insecticido with the flying or 
rest,ing adult, (2) residl~~l kill, i.e., by pickup of the 
insecticide tin a result of the? insect moving over a 
contaminated surface, and (3) Zarual kill. I%tle was 
known, howcvcr, about t;hc physical problems in- 
volved in obtaining efficient kills by any of thesc: 
rncthods. It was particularly desirable to investigate 
the! prohlem of optimum partielc size for the dispersal 
of DDT insectir!idos under practical conditions. The 
concent>rations of DOT, the best formulations and 
the dosages required, all needed study in order to 
obt,ain tha maximum effcotiveness from the DDT. 

With the discovery of DDT, much of the previously 
used dispersal equipment and the methods of treat- 
ment, had become obsolete. Tht! high toxic&y of DDT 
formulations grCat,ly reduced the volume of material 
required to obtain control. Since the Armed Forces 
wished to carry out control measures throughout 
large areas, new techniques had to be evolved in 
order to kcop the expenditure of manpower, material, 
and time within reason&In limits. Aircraft, dispersal 
of insecticides took on a larger importance in view of 
this requirement,. Although dusting with aircraft had 
hccn used in the: past, with some success under limited 
conditions, early tests with DDT showed that this 
technique was not too satisfactory, and was not the 
answer to the problem. Ground equipment that had 
been used previously was, in general, quite bulky, dis- 
persed t,he insecticide solution at a rate too fast, to be 
eficient with DDT, and produced on1.y a coarse spray 
which was not completely satisfactory for many types 
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38.2 CX,AR~LFICATTON ov TTTTS wm- 
LEM 01’ I’ARTTCLK SIZTC AS RELATKII 

TO T NS KT CC) N~‘l’KC)L 

38.2 *l Historical 

In order to design equipment1 for dispersing T)I>T 
efficiently, informat,ion was first, ncxdcd on the: opt>i- 

mum partialc size in whitill the insec:tic:ide should 1x: 
tlisbrihuted. Without, such information it would 1~: 
impossible to take full atlvanbge of tl~ toxic proper- 

ties of YDlIT, material would be wasted, and con~~rol 
would frequently 1~ impractical. The particle size 
required to obtain lx:et results will depend not only 
on factors peculiar to the inaect,ic:ide, such as Ruscepti-. 
[lility of the insect, to the infiecticide, its mode of ac- 
tion, and its chemical and physical properties, butj 
also 011 such external conditions as mc:teorologic:bl 
factors, terrain, and method of trentmcnt. 

The problem of optimum particle size of insecticides 
has bc:cn the sullject of invcst,igat,jon of a number of 
workers even before thn discovery of UDT. Smith 
ad Goodhuc: of t,he lJ.S. ‘Department, of Agriculture 
have summarizccl 1 some of this earlier pork OKI the 
relation of particle size to insecticide nfficiency, and 
concluded thal the toxicity of solid insectIicidex in- 
crossed with decrease in particle size:. With oil ~pr:ty~, 
lhe quantity of oil appears to be mom important, 
thau the size of the droplatss. In 1938, Hurdett>e 2 
descriljcd experiments in which honey bc:c:s were es- 
posad to inhomogeneous oil uc:rosols of varying pnrt>i- 
cle size, and lit conclutlcd that droplctx of I to IO 
microns jr1 diameter hat1 the greatent, t,oxicit,y. Ir’rorn 
tlio point, of view of praotical applioation of insecti- 
(*ides, Set~rls and hydcr 3 concluded, as a result, of 
work with cattle sprays, t,hat, very small tlroplet~s 
were unsatisfactory hecituse of their failure to impact8 
on the: surface tx:ing treated. Druett 4 made some 

prclirninary calculations of ttlc: pickup of spray drop- 
lets of different, sizes by a mosquito. Tn order lo oh- 

tain 100% collection by tlic? antennae ant1 legs, par- 
ticles larger than 10 microns are reyuircxl. This same 
efficiency can he attained by the heat1 only when thr? 
diameter is greater t,han 25 microns. 111 an investiga- 
tion of ttic: drop size ohtaincd from a number of 
different pyrethrum nerosol b~~rr&~s which had given 
good ent,omological resultj~, 3 L it was founil that most 
of the drops mere lesn t,htm 10 microns in djametcr, 

Ijut, 110 attempt was made to correlate this informrr- 
Con with the jnsect,icidnl &ciency of the different 
homhs. 

I’articlc Size and Fhxagc Required for 

Contact -Kill 

As a partj of the problerrl of determining optimum 
particle size for contact, kill, it, was considered tlcsira- 
ble t>o make certain thcoret,icnl calculations Ii which 
c:ould ho llsed to check tllc: laboratory and field tests, 
and w hi& would provide a means for extrapolat,iorl 
t,o contlitions riot so sustxptible t>o nxporimental con- 
firmation. The dcrivntion of any r&tionship between 
the dosage required to obtain insect, kills and the 
particle size of the dispersed insecticide requires con- 
sideration of the prohabilit,y of an inn& being hit hy 
a nur&er of drops equal to or greater than that, neccs- 
sary to callse mortality.7 This prohubility byill, in 
turn, be tlcpendent on t,hc: dose M of IIIIT necessary 
to kill a single insect,, and the efficiency of a drop in 

contact,jrlg the insect,. The lethal dose can only be 
oMainet1 hy experiment, hut for ttlc: purpost: of mak- 
jrlg ca]culat,iorM, a series of valucn in the proper range 
arc assumed. The proprr value (:a11 then Ix: selected 
on the hasis of laboratory t,ests. In the detcrminntion 
of the number of drops art~aally hitting an insect, two 
processes are rcxognizrld. 

1. Pickup 1)~ settling of t#hc drops LLtccording to 
8t>okcs’ law : 

wlierf: IL = vr:rtical velocity, 
rZ = drop diameter, 
p = drop tlcnsity, 
q = viscosit,y of ttic: air, 
g = acceleration due to gravity. 

2. Impaction on the vertical surface of the insect: 
The fraction of drops which deposit on the frontal 
area of the mosquito is assumed to be given 1,~ the 
theory of Sell 8 and likewise jncrcasrs with drop size. 

Zi’or the case of the resting rnt~squito, thr: entire 

pickup o~~llrs according to the first process, i.e., by 
settling on t,he insect’s horizontal surfann A. The air- 
b(jrne dosage (3, which is rcqrriretl to have an 
average of p drops hitting a11 area in time: 1, can he 
calcrUet by thn following equation : 
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I), 1W” (I~‘igurc 2), ant1 IO lo p (E’igurc 3), and t,lle 
liorizont,al area of t>he mosquito was cnnxidered as 
4.7 x 1V sq cm. The rc:latjionship bet,wwn Ct of t,he 
aerosol and drop diamc:t,er deriwtl, using t,hese v:~laes, 
are sliowri gritpllic:ally on :1 log-log scale in Hgures 1, 
2, and 3. A definite minimum in Ct necessary for a 
given mortalitJp or :m optimum parWe size is clearly 
prtxlicted. The inibi:bl steep linear &crease in Ct rc- 
quiwtl for 5Wj& kill lw a slope! of - 2 and is due to 
the inwense in s~~t8tling velocity with the square of the 
drop size. It is irlterest,ing to note that there is a, 
tlefinitc: wrvatw(: with slopes 1~s than --2 in Ole 
lower branch of t,he curve for higher percentage 
mortttlities. The: miniamm is rcnched at npproxi- 
mtzt,el,y t’lic: size wlwre one drop contains a lethal dose 
of IjnT, LLI~, sinec: tjhe nrrmher of drops noc:crssary 
t,o kill can no longer decwuse, the curve increases 
lincurly RS t&e diumc?ter is further increased. 

For t,he owe of tlw flying mosquito, i.e., wlwnever 
the air is moving horizontally relntivc to the irwct, 
the instxticido will bc picked up 110th by s&ling ard 
by itnpaction on the vertical surfaces. In 1iorizont~bll.y 
moving air, u partick: tends to mow: wound any 
vertJic:al surf’wc: unless t,her’e is IL relative movernctnt 
hetw-ccn t>he part,icle und t,he air. lriertial force, on the 
other hand, t#rads to kwp the pwticle moving in :I 



Htraight line toward such a vertical surface i&cad 
of swinging laterally around it, and this force is likc- 
wise depctndent on t,hr: syuarr: of t,hr: diam&:r of the 
partick:. Sell’s work on &position of the particles * 
has been applied to the problem of inscc:ticide~.Y~ I0 
The deposition efficiency for different shaped objects 
is a function of the dimonsionl~~se parameter 1’. 

d” 
I’ = 4.65 x 10-G pv 5 7 (41 

wberc D = characteristic length of the object, in ft, 
21 = velocity of insect relative to the air (mph). 

The viscosity of air (0.00018 poise) is in- 
cluded in the constant. 

These calculations have been applied to t,he flying 
mosquito which was assumed to have a vertical pro- 
j&ion similar to a flat plat,c with an area of 2.9 X 
10V2 sq cm and a horizontal area of 9.9 X lo-” sq am. 
The equation for (3 taking into account> both settling 
and impaction becomes a2s follows: 

jt -._--.-- ---. 
cyc= ~9.9X10--“g)/(37rr/d)+(GPX2.9X10-2U)/(?rd”P) 

(5) 
The values of fi are aalculatcd from probability con- 
siderations in the xame way as for the rceting mos- 
cluito, and t,hc relationships between Ct and ri are 

plotted in I$gures 4, 5, and 6. (M values are same? UR 
in Figures 1, 2, and 3 respectively.) 

I3y comparing thenc curves wit,h Figures I, 2, and 
3, itI will be seen that the Ct necessary to obtain kills 
with flying mosquitoes is approximately one-half 
that required for the resting mosquito, and that this 
is principally due to the incmased horizont>ul area of 
the flying insect,. Tn addition, the minima have 
shifted to slightly higher drop sizes for the flying in- 
sect because 1’ increases with the square of the: drop 
size. 

3X.2.3 Experimental Lktermination of 
Relationship between Particle Size 

and Contact Kill 

In addition to these theoretical studies, laboratory 
t&s were undertaken to determine experimentally 
the optimum particle size for contact, kill. This work 
was carried out with the cooperation of personnel 
from the Beltsville Laboratorics of the UE: Depart- 
ment of Agriculture, working under contract with 
.Division S, Committee on Me&al Research [CMR]. 
This group gave particular assistance in carrying out 
t>he entomological aspects of the work. The initial 
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Il’lounr, 5. Q of :ICI’OROI for vnrinns mosquito mortdi- 
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for let,hnl dosage = 10. !j g. 

experimeAs wcrc tlonc: in a xlut,ic cl~arnl~er,1* hutJ, 
later, when tllc: techniques had hecornc further de- 
veloped, the tests \v(:r(: carried out, in a wind tunnel 
aonst,ructetl for this p~rpost:.~~ 

In order to coritluc:tj rigorous espcriment,s it was 
necessary to olGn an aerosol of very uniform psr- 
title size, since: thy inability to disperse the insecticide 
in this form had caused diRiculty in int,erprc~t,:l,t,ion of 
result,s of c>:krlier investigat80rs. Tn t>he course of the 
work on the development8 of screening smoke gc:nc~:~,- 
tars, it laboratory m&l was dAgnc:d, capahlc of 
producing a tiornogc:nc:or~n acrnsol by carefully con- 
trolling the forrn:ttion of nrlclci for the aerosol par- 
ticles.12T I3 Thin gc:nc~utor had to he modified for use 
with ir~st:c:tic:idcs,‘” ; . 4mce cert,ain oxides of nitrogen, 
which wpre obtained with t>he earlier mod&, also 
cxhibit,ed toxic effects on irisccts. ‘flic:rc:forc:, for 
entomological experiments, the nibi for tlic: aerosol 
particles were protlucctl by locating NaCI clcpoaited 
on an electrically hoat,c:d niclirorne wire. Control 

experiments xllo~cd that neither the gases exhausted 
with the aerosol nor an aerosol of pure oil had toxic 

effects. Tri tlic: early experiments, it was found possi- 
ble to obtain homogeneous aerosol drops up to I5 
microns tli:unct~r (90% of the mass falling in the? 
range f I OOA) from the average size), but, later,” the? 
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maxirmim parMe size was increased to 20 microns. 
hut,oma.tic controls were used t,o maintain constancy 
of opcralion over a period of hours. 

For most nf the work both malo and female Aedes 
aegyypti mosquitoes were used a~ tlic test, insects, but 
it was discovered that, the males were much less 
l’&S~:lJlt~ to I3nT. Thercforc:, all quantitat,ive result,s 
were based on kills of females. The insects wwc ex- 
posed for varying prriotls to different, concc:rit,rat~ions 
of aerosolfi, ant1 t,lir mortalities for a constant particle 
sizn were plotted against, the amount of aerosol to 
which the insects were exposed. Some: t,ypical curves 
:br(: shown in Figurn 7. Tn some: of t,hc later work l4 the 
statistdcal method out~lined by Hiss IS was used in 
order to define more clearly the significance of tllc: 
results. Worn the dosage-mort,nlity graphs, the me- 
dian lethal dosugr for any given particle size: could be 
read tlirect,ly, and t,he values oMainet1 for oacdl drop 
size were plottd against the particle diarnctcr on a 
log-log hasis. Sun11 an experimental curve is shown in 
l’igurc 8 in comparison with theoretical curves for 
toxicities of 10 y, 5 X IOY, 2.3 X lo-lo, and 1OV g 
of I>lYl per mosquito. The experimental curve has a 
slope: very close to - 2 for the desccriding portion, and 
thus tllc: data arc in close agreement with those prc:- 
tlictctl on the basis of Stokes’ law, which require :I 
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proportionality t#o the squnrc of t,he drop diarnctcr for 
SOC70 mortality. 

A minimum possible vduc for t,lle lethal dose h:bs 
~N:CK~ c:slculnt,ed, assuming that all t,lle aerosol pwt,i- 

cles reached the insect by sct,lling I0 and thal the 
horizontal area is 0.03 sq cm for the mosqrlit,o. l'his 

value, 2.1 X lo-lo g of pure I)L>T, ic; slightly lowel 
than the value estimated hy cornparisnn of the posi- 
tiontj of the curves in Figure 8. In view of’ the cspc% 
mental tlii?iculties and the nufnt)c?r of assumptionfi 
made, however, the agreement would seem cluite 
good. ‘1‘1~: optimum particle size, ~2s c::k:ulnteri the+ 
rctically, :qpr:urs somewhat, great,er than t,hnt, old 
tained hy cxpc:r’irncnt, but, it, should l-)(: pointJed ollt, 
that Lhc: minimum in the experimcnt:.tl curve OCCIII’S 
at, :tlrno~t, tlic: Ittrg& particle size which c:ould be used 
in thr? lahorttlory tests. Moreover, the tliffort?nces are 
not, groat wlicn consitlored from a pr,zcLic:al point of 
view, since on tin arithmetic scale the curv(~s arc quite 
Brtt. In practice, otlirr factors will have groat,er in- 
fluence on the optimum drop size for clisperatl. 

Further studies in the static: chamber were rn:&~ 
with fruit flies, ~rosophiZa ~rrdrrmgaster.16 The median 
lethal dosage of the aerosol for this insect was ulso 
found to be inversely proportional to the square of 
the drop diameter over the rangr: studi(?d (I to 10 
microns diameter), but the toxic dose for these in- 
sects was found to be approximately 30 times AS great 
as that, for A&s negypt11. 

Since it, wan recognized that,, in practice, tlcposition 
on the insect will always occur, at least in part, a8 a 
result, of tllc: horizontal mot,ion of the aerosol cloud, 
these labor&ry studies were extended to :I wintl- 
tunncJ inve&gation of the toxicity of DDT :terosoln.” 
The thnoreticnl treatmc?nt ii> R indicated the deposition 
upon the inflect, antI hence, the toxicity would be (1~ 
pendent, upon the square of the drop dirtmetcr ::tntl 
the first power of the wind velocity relative Lo t,hc 
insect. Adult A&s neg@i were exposed in rages Lo 
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liomogcnt:oufi aerosols of parl,ic:l(:x up t,o 20 microns 
tlknctor in wind velocitirs of 2, 4, 8, and lfi mph. 
AlLhough the mosquitoes flew :~t)out, t>he cage in the 
itbsenct: of wind, there was litllc or no activity during 
the espos~~rc: period, and the ins&s remained quietly 
on the wire screen. At, low velocities tt1r.y tc~ntlotl to 
congregate on tlio front screen of t,lic: cage, but at 
I ti mph they wcrc almost all blown rtgainc;t t,llc: rctb.1 
screen and held thrrc by the air flow. The ront,rol 

cxpc:riments showed that Lhc inst:ctJs were not injured 
at 16 mph. Since the r’csults otkained under t,he dil- 
fcrcnt, conditions showed no tliscontinuities, it, was 
~tss~m~~l that, the different insc>c:t, khnvior did not, 
affect the vulitlit,y of t,he results. As a result, of these 
experiments, the: ttif?oreticnl cdcul,ztions wcrc c:o11- 
firmed. The dosage for 500/;, mortftlity was fount1 to 
be inversely proportionnl to d”v (d = drop di:mkcr 
in microns, and 21 = wind velocity in miles pc>r llour) 
for low values of this product. However, for high 
values (rPv > l,OOO), wllcn ttlf! deposition is essen- 
tially complete, the dosLtg(: becomes independent of 
wind velocity and pultic:l(! size (Bee Tpigure 9). On the 
&is of the data obtrtincd in the wind tunnel, the 
rnedkn lethal dosr for the female n&s ne~ypti was 
determined 8s 3 X lop8 g L)I)T. This figure is in close 
agreement with that, rcport,c:tl by a number of in- 
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vestigators using t&)-assay as a method of analysis 
for DDT. 

It will 1~: st:cn from the experimental results oL- 
tained I>oth in the staZtic chamber and in the wind 
turmcl, LLS well as from the theor(?tic>d c:~~l(:lll~~ltionn, 
that as the particle size is tlt:c:rt:axt~l below 10 microns 
in tli:l,mt:tcr, the dosage rcquiretl to obtain kill of 
mosquitoc:s by direct, contact, with t,he aerosol in- 
creaAt?s rapidly. These observations arc? of c:xtrc:mc 
prat!lic:al importancf! and plovc~l vc:ry helpf111 in de- 
signing dispersal oquipmt:nt. When DDT first came 
into use, many investigators had thought that, dis- 
persal as :.L ~rnokc, i.e., drops 0.4 to 0.7 micron in 
diamet!er, mighl give excellent, results. However, it 
was flow apparent, that drops of this nizrt wonld be 
rr:latively ineffective in obtainitlg kill, and it was 
realized t<hat, equipmmt would have to be designed 
HO us to obtain Iarg(:r p&icl(:ti. The maximum drop 
size which can 1)~ ~~sc:tl cfficienlly could not, however, 
be determinctl HS c:tsily since somewhat different, rc- 
sult<s w~r(~ obtained with different, test, conditions. 
According t,o the stat,ic chamber tests, the optirmun 
drop diarnc:t,er was in the neighborhood of 10 mi- 
crons, bllt rrtsults in the wind tunnel did not, givr: ttny 
inclic::&on of the optimum size. l’hcy did, however, 
show that under most conditions, incrc:asing particle 
diamc:tc:r above 20 microns did not, greatly increase 
the tlrposit#ion on the insect,. Howcvcr, calculations 
of thp median let,hal dose, 3 X IOP g DDT, showed 

that an K&micron drop containing 10% DDT would 
bc required for one drop to contain a lethal dose. 
Thernfore the drop diameter ahovr which the: toxicity 
must, start decreasing must, lie somewhere batween 20 
and 80 microns, the exact, value being tlr:tc:rmined by 
prob:tbility cclnsideratioris. This is in agreement with 
ttic: theoretical calculations. 

An intlirctct confirmation of the rt:lutionship I,(:- 
Lween part,ic:lc size and Loxic: dose was obtained from 
dat,a taken in field t,(:sts of the exhaust generat>or on 
the TT3M-1 C plane. I7 ‘l’hc dosages obtained during 
the test, were calculated from horizontal slitics. Thr: 
Ct,,, id:., the dosage for each drop size incremcmt, was 
multiplied by the: factor WCz which is the: computed 

rel:ltiv(l eficiency of the drop size d for killing mos- 
quitocs as computed from the theoretical curve for 

thrt conditions of the t>t:st. The actual kills in the 
areas 2 tir :tlter treatrncnt mere 8C;0/U Ltncl 88f,0 while 
t,he correctctl dosages predicted a kill of 99(%,. In view 
of the inevitable roughness of such field measurn- 
ment,s, this agreement, would appear quite goorl. 

38.2.4, Espcrimental Measurerncnt of 
Factors Involved in Residual Kills 

8inco it was recognized that, Lhe residual kill of 
ins&s, as well HS contact, kill, was an important 
factor in obtaining control, laboratory Lcsts were 
carried out to assess this effect.18 A knowlctlgc: of the 
cont,amirlalion required for kill, the duration of 
th: toxicity, t#h(h effect of oxt,ctrnad conditions on thn 
toxic:it;y of the deposit, the effect, of varying the: 
method of application, and the type of surface: were 
all corisitlnrcd of utmost practicxl irnportarlt:c:. To 
assist in the: 3fialysis of the deposits, a radioactive 
trac:c:r of triphenyl phosphate wus added to the DDT 
aolut,ions, and tht: caontamination was tlctcrmined by 
exposing a measured area of the treated surface t,o a 
(:cigc:r-Muller counter. A number of experiments 
WCI’C carried out, using ca~gcs which were dipped in 
the DDT solutions, but, since the DDT was found to 
decompose mpidly on the iron wire, it, was found 
necessary to coat the screens with a layer of glyptal 
resin. 

As a result, of these tests, it; was shown tl1a.t the 
rate of knockdown was proportional t,o the contami- 
r&ion density, and for doses abovn 5 pg DIYL’ per 
sq cm of screen (these doses sl~ould bo multiplied by x 
factor 1.6 to obtain the corlt,:tmination on the basis of 
wire area), complete kno::kdown occurred within 1 



hr. 1)ecre.a~: in t8he concentwtion of DDT in the 
solvent oil increased the rate of knockdown for a 
given contamination density, anal a maximllm cffec- 
tivpnc>ss was obtainc:tl with 1% solut,ion HI>1 in 
Prores I), a paraffinic oil. Certain methyl&d naph- 
thalenc solvents, such as Velsicol NR. 70 and V&i- 
~~01 70 Special (a fraction obtained from t,he d&l- 
Iation of the NR-70) were fo~md to be excellent, 
solvents for DDT, and, in addition, t,o have some 
residual t,oxicity by thornselves. The screen tr:xts 
aJno showed t,hat> t>he rate of paralysis in mosquitoes, 
frlmale Ampheles qllad~~~~~.w~lsIntu.c, wits considerably 
more rapid than t>hat, in horrscflies; 1 pg per sq cm 
screen gave near1.y 100(yO kill of mosquitoes in 2 lir 
while 5 hr were required with flies. Tests wcrc also 
made using leaves in place of wire siu+aces. In t#liis 
case, a dcposi tion ol 1 pg per sq cm of surface was rc- 
quired to obtain 50%, rnort,ality with 2-hr exposrlrc 
periods. No decrensc in toxicit,y was observed ov(?r a 
period of 4-8 hr. When loaves were used, t,he E/x, solu- 
tion of DDT was more toxic than a 2OA, c;olution, this 
result being in contrast Lo the data obt,ained on 
screen surfaces. This was utt,ribut<ed t,o failure to 
obtain a continuous film on the hairy leaf w+tces 
when such low dosagc!s were used. 

Those results were c:st,c?nded to :t study of the cf- 
fects of surface on the residual kills of female 
Drosop?~iZa.~~ These results showrtl that DDT, 
whether sprayed in a volatile or nonvolatile solver& 
was only about, one-fifth as c!ffe&ve wlicn tleposit,ed 
on leaf surfact:s as when deposited on glass. The time 
required for 100°/O kill was used as a crit,erion, LLI~ 
approximately 1 pg pc?r sq cm was used to 0bLin 
1OOoi; kills. There was some evidcncr? that certain 
leaf surfaces were more satisfactory for obtaining 
residual kill than others. 

38.2.5 Relationship hetween Particle 
Size and Dosage Obtained in the Field 

Although thr: relationship between particle size and 
dosage required to obtain toxic cffc:c:t,s is of fund:t- 
mental importance to the solution of tlic: problem of 
propar particle size for dispersal, consideration must 
also be given to ability to obtain a toxic dose under 
field conditions with any given part,icle size. A number 
of factors must be conaidcrotl in any attempl t,o set, up 
::L given dosage in t,he field. First, the mctcorological 
conditions, which exist at, the time tr’aslmcnt, is 
oar&l out, will determine the dosage obtained. Sinnc 
t,he dosa,g;c! Ct is direct#ly proportional to the time at; 

which the insecticide remains at any one given posi- 
tion, the dosagr! obtained from a given source xtrength 
will be inversely proportional to the sprctl of the 
wind. With thrrmally stable air, aerosol c:loutls will 
sntllc and remain close to thr! surface, but when the 
air is unstable cvcn relatively largr particles may be 
r:arried to high altitudes, ant I the treatment he 
r~mdc:rctl completely ineffective. Secontl, the tlcnsity 
of the foliage in both horizontal and vertical planes 
will also tieterminc t,he dosage w&h can be obt,ainet.l 
from particles of any given size. Tlarg(: particlcs will 
deposit readily on all surfaces and seltlo rapidly t,o 
the ground, so that an insecticide dispersed in such 
form will pcnc?tjratJe a rclativcly short distance 
t,hrough thick foliage. TTowcver, small particles whose 
impaction efficiency is low may travel far ant1 remain 
airborne for a long time even in dense undcrgrowt;h. 
In addition to its affect on tleposiCor1, the density of 
the foliage will tlcterminc t,he wind spectl and, conse- 
quontly, the tmvcl of the insecticitle cloutl. 

Since it, was recognized that, thc?ne faclors might 
complctc:ly outweigh toxicity corisirjerations, at- 
tempts wcrc made to study this problem both theo- 
retically ant1 experimc~ntally. A consitlerablc amount 
of work on the: travel of gas clou~ls hwl been curried 
out by both Amcricsns ant1 British. The British equa- 
tions for gas diffusion in the air wore exl,onded to in- 
clude aerosol clouds by taking into account finite 
settling velocity of the particlcs.“~ y, 20 The Iuntla- 
rnr~ntal equation for a line source in this case is: 

((0 

where G, is ~11~ pr’odnct, of t,he source strength and the 
timt: of em&on, 14, is Lhe settling vt+Gty, 2) is the 
wind speed, .1: is the clist,ance from tlic> sourCC, afltl 

B and m :ue m&orological const8:uiLs, 

v at 2 mctcrs 
12 = -- .- . 

v at 1 rnctw 

By solving equation (C;), it has been possible to tic- 
termine F, t)he fr:.~c:t,ion of the agent, remaining air- 
borne at any diRt,ance, as a function of the meteoro- 
logical conditions ant1 the particle size. Results of 
these calculations are shown in Table 1. 

From thcxc c:alculat,ions it is evident that drops 
smaller than 10 microns in tliamcter will t>ravel long 
distances downwind even at low wind velocities, as- 
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TABLE 1. The frndnn F or agent remaining :tirborne of acrnsol clouds under I,WO differcnl almospheric conditions. 
~ 

IXstsncc 
dnwnwind 

R = 1.25 (inversion), II = 2 mph 
Drop diameter (microns) 

(yards) 0.8 8 12 24 0.8 8 .I2 24 

100 0.99 0.9% fill6 0.85 O.!l!) 0.89 0.76 ---; 0.32 
500 0.99 0.96 0.94 0.78 0.99 WI3 O.G4 0.18 

1,000 0.99 0.96 0.93 0.74 0.99 0.78 0.5X 0.11 
5,000 0.99 (I.!)6 0.90 0.05 0.99 0.69 0.42 0.03 

I0,000 O.!K~ 0.95 0.88 0.59 0.99 0.63 0.37 0.02 --- -_, .-. _.-..-- 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 ‘14 

DISTANCE PENETRATED IN UNITS OF n 

EIICURE 10. Horiaont,al pcnctmtion of xn aerosol throng11 n forest. 
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suming that the only force driving t,ho particles t>o the 
ground is glavit,y. Wit,11 aircraft dispersal the down- 
draft from the: plant will, howcvcr, freqrlently supply 
an added force. 

Thcsc calculations of aerosol cloud-t,ravel in the 
open have been extc:nded to wooded areas where: dcpo- 
sition on the horizontal and vertical surfaces of the 
foliage is alsoa factor.g In order tocharantJorizc t,he den- 
sity of the foliage, two lengths 6 and 7 llavc: t)c:c:n de- 
fined. The length 6 is t,he horizontal distance for which 
the sum of the vertical foliage surfaces in any cross 
section is equal to the cross section, and y is a similar 
distance in a vertical direction. P’or tllc purposes of 
calculation, it, has been assumotl t>hat Ihc foliage is 
tJwic(: as tlcnse in a v(~~rt,ic:LI tlircction as in a hori- 
zontal direc:tJion, i.e., s/r = 2. Y’llc: fraction, A()/(), 

lost in traveling a horizontal distance, Ar, is given by 

AQ 
Q =a?+Y (7) 

Y 

where AT is the distance fallen in a vert,ical direction 
rind A is the imp,action effliciency of the pnrticle on 
the vert,ical surface as given by Sell.” Impaction 

FEET FROM GENERATOR 

E‘IGURR 1 I. Local grouucl deposition vs distnnce from 
gcncrrbh. 

efficiency A was assumed to lie between Sell’s VLLIIIVS 
For a flat plate and a circular cylinder and in a frmc- 
tion of p&/D (11 is a characteristic: dimension of tha 
foliage). From this relationship, F, the fraction pcnc- 
trating to a distance x: downwind, has been calculated 
for various size drops and wind speeds of 1 and 5 
mph (see Figure IO). 

These calculations have been checked experimen- 
tally by measuring the variat,ion in local ground de- 

position in various types of terrain, using the Hoch- 
berg-LaM(:r aerosol generat,or dispersing droglots 
under 15 microns in diameter.*’ These results arc 
shown in Figure 1 I . In addition, tests have been made 
using coarse sprays in a 7 mph wind.22 Tha ground 
deposition in the open was also rncnsured with 
the CWB E---1.2 (Hochl-)c~rg-laMcr) gcncrator with 
DNOC (dinit~ro-ortllo-c:resol) and DDT.“’ The pickup 
by various types of foliage was measured by exposing 
leaves in a wind t,unnt:l at 4 mph to particles less than 
3 microns in tliarnt:tcr containing a radioactive 
tracer.lK The? cflic:ic:nc:y for drops of this size was ver.y 
low and in good agreement with the calculated values, 
ulthor~gh thr pickup was apparently greater by some 
of thr hairy leaves. 

1.0 

0 0.2 0.4 0.6 0.E 1.0 1.2 1.4 
OlSTANCE FROM TOP OF CANOPY IN UNITS OF n 

Sirnilar t,licorct,ical trc:ut,rnc~nt~ has been made for 
t,lic: vc:rt,ic::tl pc:nct,ration int,o foliage of an aerosol 
dispcrsctl by aircraft,.” Tlic fraction penet,rat,ing to a 
depth u 113s hccn c:al~:i~l:rt,c:d for soveral particle sizes 
for H (*rosswind velocity of 1 mph and no downdraft 
from the aircraft (Figure 1.2). Under thcsc! condi- 
Cons, it, would appear that the larger drops will 
pc:nc:t,rale downward through the canopy more 
&ic:icntly than smaller ones. The physic:al cxplana- 
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I I \ I\ 

GROSS-WIND = 0 
DOWN-DRAFT = 0 

tion for* this cffcct, is cssent8ially th:tl tlrc: larger drops the forest canopy, the tlownwbsh of the plane will 
fall faster and 11avr: IVSS opport>unity lo impinge push t#hc a~osol downw~~i thror~gh the lq~rs of’ the 
horizontally on the foliugc: than do the smullcr ones. forest. The: penetration diciency oI :LH size drops miIP 
For no crosswind, 1~ = 0, all sizes of drops pc:nckrnte 
the foliftgr to 1,1r(: sarno extent. 

be inPrwbxt?tl, but sincr the impingement on the foliage 
is :t f~mc:t,ion of the square of the drop size, Ihis down- 

If, on t,he other hand, tlrcr aerosol is dispersd hy an ward component, will increase the rt:l,ztive pcnetra- 
nirplane which is flying only a short clistIrtnce :tl~n~~: tion efficiency of the smttllw drops. Since the tlocvn- 
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wash velocity will decrease with &Lance under t,h(x 
canopy, its effcc:t will decrease: as the height, of the 
canopy becorncs greater. Calculations of the pc~c:t,ru- 
tion elIKenny of different, drop sizes with init,ial 
downdraft, of 5 mph have: been made (Figurt: 13). 
It should be rememberctl that these cnloulat~ions do 
not take into consid(:ral,ion inhomogcncitics which 
are always present, in a natural forest). Mct,c:orological 
t#urbulencc: has also becn neglected. 

Home confirmation for t,hese calculations has been 
obtained from the r(:slilt#s of aircraft dispersal tests 
carried out in Panama. Two typos of equipment, used 
were a simple vertical discharge sprayer, dispersing 
particles with a mass median diamt:l,cr [MMD] of 
200 t,o 300 microns, and a TRM exhaust generatot 
tlispcrsing p:~rt,ic:lcs of 25 microns diameter. Although 
the: entomological results from these two types t)f 
equipment were almost identical, it was observed thaf; 
the penetration efhciency of t>he larger drops as ob- 
tained from the sprayer was greater than that of the 
smaller drops obtained from t,he exhaust generator. 

Because of the appnrnnt importance: of the down- 
wash on aircraft dispersal, an investigst,ion was made 
of the factors which affc:c:ted this velocity in order 
that the spray outlets could be positioned to take 
best, advantage of this effect.” The optimum position 
would presumably bc where the downdraft is utilizotl 
t,o best, advantage and where none of the tlroplcls 
are cnrricd into the turbulent, wake. This position 
would be ahcad and below the forward edge of the 
wing at the point, whnrc the flow lines around the 
wing have maximum tlivergencc. Tf the spray is t,oo 
close to the trailing edge: or lower surface of the air- 
foil, it may come out, in-the wake and be clissipatctl in 
turbulent, motion. If Ihe spray is too far below the 
airfoil, the downward component of t#he velocit,y may 
be quite small. 

3x.3 GROUND DJSPEKSAL EQUlPMENT 

3x.3.1 His torical 

Before DDT had come into general use, a large 
number of different typos of equipment had beon 
dcvcloped for dispersing insecticides. For the treat- 
ment of large arcas, power sprayers requiring large 
quantities of compressed air to achieve liquid 
breakup had brcn widely used. Since the insecticitlc 
solution was dispersed in relatively large drops, the 
spread of the insecticide occurred almost, cntircl?/ as 
a result of impetus provided by the comprcsscd air. 

This seriously limited the area which could be treated 
in a singk: traverse, and increased t,he time and per- 
sonnel required t,o cover an area. Moreover, most, of 
these sprayers were bulky and therefore impractical 
to use in 111~ war theat,ors. Since the laboratory ex- 
perirnonts and thoorc:t,ic:al calculations, as doscribed 
in S&ion 38.2, hat1 shown that clroplet~ in thr: rango 
of 5 to 50 microns diameter were not, only t,hc most, 
toxic but also would remain airborne for appreciable 
pcriocls, the development of new equipment to tlis- 
parse DDT in this form sppearotl tl~:sir:J~lc for trcat- 
ment of large: areas. 

Screening smoke generators had tmm developed by 
the NDRC and the Armed Scrviccs, but the particle 
size of t,lie tlroplctls produced rtnlgcrl from 0.4 to 0.7 
micron in diameter, which was too small for in- 
secticide work. AttempLs were made to mot1if.y the 
Hession generator, a combustlion gas-type oil fog 
generator dosigned for screening smokes, in order t,o 
produce larger sizes t)y adding a large c~hirnncy in 
which condensation would proceetl mom slowly than 
in open air. Although theoretically sound, preliini- 
nar.y experiments on this development, were unsatis- 
factory, even when a 6-ft chimney was attached to 
ttic outlet. 

Dr. Goodhuoof the U.S. Deparlmcnt of Agriculture 
had developed a Freon bomb which has been success- 
fully used for the dispersal of pyrethrum and lat>er 
DDT.“4 This bomb clispnrsos the insecticide in drop- 
let,s loss t,han 10 microns in diameter, t,hc atomization 
being obtained by expelling a mixture of the oil solu- 
tion and gnsoous Freon 12 t,hrough a capillary at, a 
pressure of about 75 psi. Although these bombs have 
great insect,ic:idal effectiveness, their small size limits 
their use to onclosed spaces, and larger units would bc 
inipract~ical for treating cxtansive areas because of 
their weight and espensc:. 

38.3.2 The IIochherg-LaMcr Type 
Generators 

This same principle of atomizat>ion, i.c., the mixing 
of the insecticitlt: solution with a gas under pressure, 
has, however, bocn adapted t,o a gcnerutor which can 
be used for treating large areasZS Steam is usctl in 
place of Freon to break up t,hc DDT-oil solution into 
small clropa snd rject them into the atmosphere. The 
mixture of steam and oil is obtuincd by pumping 
a 50-50 DDT-oil-water emulsion through a hostcr 
coil where the wat,er but not the oil is vaporized. The 
DDT-oil solution is broken up into small droplets by 
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the shearing ttclion of’ the steam under premurc, and 
the drops :trc 11~~~ dischwgetl tIhrough nozzles into 
the air. The particle size of the inseclicitle sollllion 
which is dispcrsctl depends on the composition of the 
c,mulsion, particularly the rtlt,io of volatile to non- 
volat,ile material, tho pressure and t,crmperature at t,hc 
input] to the nozzle, and the characteristics of the 
nozzle. An increase in tcmperntrrrt: results in a de- 
crease in particle size. Tests with one of the later 
models showcti t,hat a coil Lcmperaturc of 4,50 F ant1 a 
pressure of 80 psi gave an aerosol of particles with an 
MMD of 10 microns. Reduction of the t,c!mperaturc 
t,o 350 F produced particles wit,h an MMD of 32 
microns. Even under optimum operating c:ondit,ionx, 
:i small amount of smoke is produced by parCal 
evaporation of the oil and subsequent contltslsxtion 
into very small drops. The produc:t,iori of thcso small 
srnoke particles, however, tlocs not) decrease the 
cffootiveness of the dispersal, since the nonvolatile 
DDT tloes not, vaporize and is consequently not 
wasted in the very small drops which are insecticid- 
ally incffcctive. Since DD’L‘ decomposes at, elevated 
temperatures, care was required t#o avoid loss of 
DDT in this t,ypt? of equipmcbnt. TTowcv~r, chemical 
and entomological tests have shown such dccomposi- 
Lion to be negligible as long as proper operating con- 
ditions are observed. 

The first, or inventor’s m&l, of the generators, 
known as t,he IIochherg-T,alLIcr Lypc:, had a capacity 
of 20 gal of DDT emulsion per hr.“” This was pumped 
through t,he coil by means of a gear pump with a 
suitabln flow control syst>em. Whorl tested in the 
field, Lhc: inventor’s model generator’ gave exccllcnt, 
insecticidal r(:sult>s, but the capacity of only 20 gal 
emulsion per hr was considcrctl insufficient for ob- 
tGning practic:Ll control over lnrgc? areas. Therefore, 
t,he manufactrlrc: of Hochberg-LuMer type genorstors 
of great,er capacity was undcrlukerl,26* %7 and a model 
d&ersing as high as 90 gal per hr was eventually de- 
signctl. After these gc:nc:rators were Lcst~d in the fioltl, 
the tlcvclopment of more rugged and practJical mod& 
was considered clesirablc. 

Sinac screening smokr gc?nerat,ors which were suf- 
ficiently durable for use in the: field had already been 
designed, the: modification of this type of equipment, 
in order to disperse the DDT in drops of grcutcr in- 
secticidal cffcctiveness than would be obtained with 
smoke, appcarcd very desirable. This was aworn- 
plishecl on both t,ho Resler 374 (Navy screening smoke 
generator) and the! Army M2.Z8 Tha primary changes 
required were t,he substitution of a new pump, 

capable of handling Lhc required volume of emulsion, 
the alteration of’ a Lhcrmost~atic: control to permit 
operation at tempcrutures near 4.50 F ins&d of 
900 F, Lhc ins&ion of a filt<er cupable of removing the 
nndiment pr~s~?rit in DDT solution, and tlic: inclusion 
of a more satisfactory flow control syst#cm. These 
motlols have found consid(trable practical use nrid 

gave good results in t,ests in the war theaters. 
In all the gmcrators, considerable difficrJt,y has 

been observed in obtaining satisfactory pumps. The 
gear pumps have an inherent weakness in that there 
is no way of taking rrp the wear. This is particularly 
serious when emulsions are b&g used instead of oil 
solutions. To avoid this dii%ault,y, pumps with 
aap:bcit,ies in excess of those requirctl were cmployod, 
and a certain amount of the liquid was contintrally 
by-passed back to the container. C)n the various 
models a number of different flow control systems 
liavc: been rwd in order t,o mainLain constant, flow 
during operation. 2n T3y reduction of the quantity of 
liquid hy-passed, the same flow was maintained 
t,hrough t,he generator even whctn the pump capacity 
had dropped off. However, this method of handling 
the wear is inherently unsat,isfRctory, and t,he design 
was changctl to substitute a double plunger pump. 
Wit,11 this method an emulsion was not, required, since 
the? oil-DDT mixture and water could bo pumped 
soparatcly and mixed directly in the heat; coils. This 
greatly simplified the use of the generator because the: 
prohlcm of preparing suitublc emrJsioris was climi- 
natled. These pumps were employed successfully on 
both the? Army RI2 generator, which became known 
as t,he Disperser, Insecticide, Aerosol, Mechanical, 
E-12 28 (see Figure 14), and on the Resler 374. 

Various motlol~ of IIonhberg-LaMer insccticidc 
gencrat,ors liavc: been testctl in many parts of the, 
world in coopcraLion with the Navy, Army, 1J.S. Dc- 
partmerit of Agrinult,ure, Tonnessec Valley Aut,hor’ity, 
,ancl British Commonwealth Scientific 0ffice under a 
wide variety of conditions against, a number of dif- 
fcrent, species of mosquitoes and flieseBT S0-3% As a re- 
sult, of th(?se tests, it has been possible to suggest 
methods of use of thoa: generators for the: control of 
thcst: insect,s in the field.. 21, 2!’ In order to obt,ain con- 
trol over large areas with an aerosol, the wind is usotl 
to disLri but<e the insecticidc, t,hus reducing the man- 
powor and time required for treatment. As a conse- 
qucnce, aerosol dispersal is dependent, on the wind to 
obtain results. The effect of the wind on the tleposi- 
tion of 13I)T from a Hochbcrg-LaMer generator has 
been determined in the field, and t,he results are 
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the insecticide to remain airhome for longer periods 
and cover a larger area. For contact kills of adults 
and larval corkrol with the Hochherg-LulYkr genera- 
tor, dosns of 0.1-0.3 lb DDT per acre have, in goneral, 
been found satisfactory. Little or no residual effect is 
obtained with t&o amounts, but, when dealing with 
insec:t,ti of short, flight range, retreatment will be re- 
quired only at 7- to IO-day intervals because of the 
t,ime required for infiltration of new populations. 

In addition to these tests on moscJuit,oes and flies, 
the generetors were t&l out against, severa, other 
forms of insects with varying result,s. These t&s 
have shown that, the aerosol generators have con- 
sidcrablo promise for con trolling cankerworms and 
black flies.339 a4 When used with J>NOC (tlinitro- 
nrtho-cresol), the: Ho&berg-LaMer gent:rat,ors gavn 
promising resrdts against, grasshoppers at a dosage of 
approximately 4 lb per acre, hut wit,!1 I>DT, negligible 
kills wcrc &ained ,23 This test is particularly signifi- 
cant, since: it, demnnst,rates the feasibility of using 
t,hese generators with insecticides other than I> l>T, 
Tests wit,11 J>DT against, t>he spruce: budworm showed 
that kills could be obtainctl, but t,hc aerosol method 
appeared less c:fJicient t,han aircraft spr~ys.~~, 35 

3t1.3.3 Exhaust Generators for Motor 
Vehicles 

Alt,hough exccllcnt results have: been obtained with 
t)hc Hochberg-LaMcr t,ype generators, t#his type of 
quipmen t is c!ssentially complicated, and a simpler 
t,ypc of disperser is vnry desirable for many situations 
in the ficltl. Thereforc, work was undort>aken to tle- 
velop a light,, portable piece of equipment which 
could be rapidly installed near the area to be treatc!tl. 
For this pllrpose, an exhaust, generat,or for mot,or 
vehicles has hccn designed. sti This consists of a Vcn- 
t,uri atomizer which employs the exhaust gast:s from 
the int,c:rnal combustion engine to break up the in- 
sec:t,icitlal solut,ion, and uses gravity t’o inject t,he 
liquid into the Venturi. In this way t,he necessit,y for 
pumps, for supplementary heating syst(!ms, and for 
other mechanical items, which could get oul, of order, 
is completely c:limina,ted. 

The atomization is ohtainotl hy the shearing forces 
on the liquid caused by Lhc relative vt:lo&y be- 
tween t,hc solution and the gas. The gas velocity, 
upon which tlic: degree of atomization will depcntl, is 
lirnitcd jn the cxha& of an enginr: hy the bnck-pres- 
sure which cm 1)~ pract,ically usctl with the engine. 
Boc~ause of this, the Venturi principle has ijeen 

adopted in order to ackievc high gas velocity with 
low back-pressure. The throat, diameter of the Ven- 
turi is chosen to give a velocity of 1,500 fps at the 
highnst power setting which would be used for spray- 
ing, this sct>ting being low enough so that almost 
cont,inuoua operation .is possit)le without, excessive 
overheating. Early t,ests showed that, a certain 
amount of .drooling was obtained nut, of the end of 
the Venturi, due to the impingement of the: tlroplet>s 
against, the wxll of the divargent s&on. This diffi- 
culty was eliminated by cut,t,ing off the Venturi at, a 
point, where t,he exit diameter was ICRS than t,wicc t,he 
throat, diamctar, i.e., where the gas velocity was still 
greater than 300 fps. For the injection of the solution 
into the Venturi, several systems mere: tested, but a 
simple coaxial tul)c! was found to give as good results 
as tin: more complicated arrangements. l3y using a 
tube of sufhciently large diamctcr, the liquid could be 
injected under the force of gravity with t,he aid of 
suction due to the Venturi. The USC? of the simple tube 
has tha additional advantage that, small particles of 
rust or sediment passctl freely through it, and do not, 
cause difficulty from clogging 

This principle has been successfully applied t,o the 
design of exhaust gencrat,ors for the quarter-ton, 
4x4 t,ruck, .Jeep 36 (Pigurc 15), and the cargo carrier, 
M29C, Weasel,37 Venturis of !{s in. or 36 in. have 
been found best for the formr:r, depending on whether 
the engine is in good condit,ion or not, while a yg-in. 
Venturi has been selected for the Weasel. When 
t#hosc? generators were 1~t:c1 on passenger or ot,her 
civilian vehicles, the results have not been too 81x- 
ct&ul because of over-heating clue to the inntloquate 
cooling system of the engines. IIowcver, in practice, 
it should be possible to cjesign genc&ors which will 
give sat~isfactory resulLs with these vehicles, but, some 
sarrifice in capacity may be: required. 

Tests have shown that this t,ype of equipment has 
a great many practical uses. Alteration of the! solution 
flow r’atc: hy means of a simple gate valve: makes it 
possible Lo tlisperse the insecticitlc in droplets ranging 
in tliamet8er all t>he way from smoke ( < I micron) to n 
coarse spray (> I50 microns). With tlio Jeep engine, 
which is ratted at, ,40 to CO hp, an aerosol with clroplct,s 
from 10 t,o 50 microns in diamet&er can 1~: dispersed at 
a rate of 5 to 10 gal per hr, anti a coarse spray can hc 
tlispersctl at, 30 to 50 gal per hr. The opt:rat>ing concli- 
tions of the engino G also affect the part,ic:Je size, 
and when possible, a speed of C; mph in low gear is 
rccommcnded. Bi:c:ause of the: ability to change the 
drop siac at will, t,lie generat,or has great, practical 
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value for obtaining adult and larval control over 
small arcas and for residual treatment of heavily 

X3.3.4 Thermal Candlev 

infested localities. Several DDT formulalions have 
been used successfully with these generators, but for 
general use a SoI0 solution in fuel oil is considerotl the 
most satisfactory. A 207” solution in Velsicol NR-70 
or &her mct,hylated naphthalcno solvents, and the 
Army and Navy DDT emulsion concentrates can 
also be employed. Dcaomposition of DDT in these 
generators was found to be negligible due to the short 
conhact time of the DDT with the hot gases. When 
volatile solvents, such as xylene, arc used, evapora- 
tion is appreciable, and for this reason, these solvents 
are not considered so satisfactory as relatively non- 
volatile ones. 

These generators have been tested in numerous 
localities, and the results have been very promising.“6 
They are particularly useful for the treatment of camp 
areas, air fields, recreation centerti, etc. For the treat- 
ment of larger areas, other equipment with greater 
output can frequently be used more efficiently. 

During the war a requirement, was voiced for the 
development of a smudge pot or a grenade for dis- 
persing an innccticidal aerosol. The British believed 
such a device would be useful for obtaining conlrol by 
troops in forward areas. Since the thermal generator 
candle, lp-7, had been developed for the dispersal of 
acrosols,3R atlempts wcrc made to adaptj this muni- 
tion tlircctly for insecticidal purpose~.~~ This device 
employs the hot gases from a fuel block to at,omize 
the agent in A Venturi. Thnsc generators were filled 
with 2,300 g of a zocr, DDT solution in Vclsicol 
Nit-70 and burned from 3 to 3s min. Tn a single 
performance test, 30 of thcsc were functioned so as 
to obtain a nominal dosage of about 2 $$ lb DDT per 
acre. Seventy-five per cent of the charge was dis- 
persed in droplets less than 5 microns in diameter, 
and as a consequence, this fraction was probably rela- 
tively incffcctive in obtaining insect kills. IIowevcr, 
the entomological results were excellent throughout 
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1,1r(: area treated. Dcspitr: the promia: shown by this 
sin&: tr:tit>, no furt,her work was done on thic; develop- 
ment, since: it, was considered that the mctbotl was t800 
involved and r4ativel-y ineffic4c:rrt8. The development 
of grcnadcx wafi continued by t,he Chemical W&are 
Servicoc, who worked on the rnanufacturr: of a pyro- 
technic mixtIm\ c~oritnining DDT.“” They wcrc able 
to develop a mrmi t,iorr which gave good entomological 
results, but the usefulness and cxonomy of t,his 
method of dispersal has not been proven. The number 
of sources whic:h woultl be r’equircti per unil lcngt,h 
of front, in or&r that, t,he separutc: ac:msol clouds will 
rncrge within a reasonable distance downwind, necos- 
sitatc:x t,h(: use of high dosages of insecticide. 

38.4 AlKCKAFT DISYEKS4L EQUIPMENT 

3X.48.1 Historical 

Prior to the discovery of DDT, no insect#icidc 
which could be produced economically in large 
quantitias was eufTiicic:nlly toxic to warrant, the dia-- 
persul on a large scale of aircraft sprays. Aircraft, dis- 
persal with dusts had been \LHC~ quit,e trxtcnsively, but 
its applicat,ion was quite limit,c:tl. However, with the 
product~ion of 1)DT on a t,remontlous scalr, the possi- 
bility of covc:rirrg large areas by the disseminat,ion of 
solutions or ~mrrlsiorrs had opcnctl a new ficltl for 
dispersal of insecticides. The value: of aircraft tlis- 
pc~rtial was particularly great as a control measlwo iri 
the war theaters, for it, made possibl(~ the covering of 
inaccessible areas with a minimlmr of personnel :~ntl 
equipment. Moreover, a definite recluirc>ment, exislotl 
for molhotls for obt,aining control in arcfts where the 
danger from enemy action was s;till gr’cat,, and the: 
IIRC of aircraft> of’ferecl the: only feasible mc:t,hod of ac- 
complishing this ob,jectivc. 

First att,cmpts at dispersing DDT from the air 
were made with st,andard Chemical Warfare &vice 
spray tanks su(?lr as the M 10, lL1-33, or l3ritish SCT 
tanks. Even mhcn thexe were modified by t,hc addi- 
tion of restrictions lo tlic: outlet,, the flow rat<es wcrc 
irrctgul:lr, and the liclrrid breakup poor. As a consc- 
c~~~cnvc:, high doses of DDT were required, and the 
covcragc was frequently spot,ty. The Orlando I,abora- 
tory of the lJ.S. Department of hgriculturc: first, de- 
signed a DDT spr>byer for the: (:ub airplane (Hus- 
man-Longcoy apparat>us) I1 Although the liquid 
breakup was not, remarkably good, this equiprncnt 
gave rcasonablqr good entomological results. Since 
it required a win&driven pump, a large Ventrrri, arid 
nozzles, it was complicated for su(:lr :I small plant: 

and was not readily adaptable to larger and fast mili- 
tary airr:raft which would frt:quent)ly be rccluired in 
many ar(‘:Ls for control purposes. Thercforc!, the 
init,iation of cxterrsive research int,o the development 
of new cqniprnent, for the disp(:rsal of DDT from 
both light, and heavy plants was desirable. Such 
equipment, shoultl give good liquid breakup, distrib- 
ute the insert,icidc ovc~rly over an UI’(X, and should, at 
the! same time, bc as simple and aclaplabl~? as possible. 
In attempts t,o ac:c:omplish these objectives, two liric!s 
of attack were followotl: (I) t,he production of an px- 
haunt, DDT generat,or, anti (2) the development of 
efficient spray ecluiprncnt, which would omploy the 
slipst,rc:am of the plant: t.o atomize the liclrrid. 

38.4.2 llircraft Exhaust Generators I7 

With an exhaust, generator, the atomization of the 
insecticide solution is obtained by injection of the 
dution into tlrc: high-velocity exhautit, gas stream. 
Since the gases arc suficient~ly hot> t,o evaporate the 
solvorit, and evenlrrully decompose t;lic: DDT, it is 
csscntial to reduce tirnc: of contact betwcc:fi t,lie solu- 
tion and the hot gascx t,o a minimlrm. This is ac- 
complislrc:ti by injection of t,he solution near t,lrc! oxit 
ol’ the exhaust st,ack, so that, the droplet#s arc cmit,tc:d 
into the cold nir immedialcly after the at,omization 
is effectled. Sirrct: it js essential t,o keep t,he back- 
pressure in the exhaust, stack to a minimum in order 
riot, to affect l,li(! performance of t,li(: aircraft engine, 
use is tnade of tlic: Venturi principle in order to in- 
crcatie t,he v&c&y of t,he gases with a minimum of 
back-prr!ssure. 

In an investigat,ion of the t>heory of atomization of 
liquids, :I, study wax made of the empirical equations 
devclopctl by Nukiyama and Tanasawa as a rt:sult of 
several hlmdred runs with small gas atomizing noz- 
zles.*” The first, equation is as hollows. 

where rl, = diameter, in rrricrons, of a single drop 
with the titme ratio of surface to volume 
as a represent#ativc sarnplc of the drops 
in the spray; 

v = tlifYerence in velocit,y bc:twt:c:n air and 
liquid at, t>he vena cmtmclu, in rn par SCC; 

&/Qa = volumt! flow rat<e of liclrrid/volrrrnr: flow 
rat,c of air; 

p = liquid density, g per cc; 
p = liclrritl viscosity, poises; 
m = liclrrid slrrfacc t,crision, dynes per cm. 
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The second empirical equation which expresses the 

data on dist,ribution of drop sizes in liquid sprays is 
as follows: 

where (1 = drop diameter, in mic:rone; 
r~ = total number of drops, in the samplr! 

chosen as a basis, which have diameters 
between zero and d microns. 

cc, b, p, and p are const,anLs. 

Nukiyama and Tanasawa found that, with their 
small atomizing nozzles, p = 2 and q = 1 over a wide 
range of condit;ions. At high values ol’ d,,, i.e., for 
poorly atomized sprays, r/ tlroppcd t)o a value> of $$. 
The relationship between p, II, b, II, and do when 
p = 2 has been calculated. The constant q is a mcas- 
ure of the flat,ness of the drop distribution curve!; a 
high value of q means that most of the drops arc in a 
narrow range of sizes, whereas a low valur rorre- 
spends to the spreading of drops over :t considerable 
range of sizen. Expc!rirnental results indicate that, q 
is constant, for any given nozzle over a wide range of 
operating conditions, but that, it, is affected markedly 
by the type and size of the at,ornizing device usotl. 
Since it is frequently more usc:ful to know the MM 11 
of the spray t,han the value: of rEo, the relationship hc- 
twccn these two diameters has been calculat,ed for dif- 
forcnt values of q (for q qua1 to 1; MMD/& = 1.14). 

Experimental work was undertaken to confirm 
these equations, and apply them to dat>a obtained by 
other invnstigators in the field. While t>hin work was 
preliminary and scrveil primarily to point oill, Llie 
expc?rimontul difficulties involvc:tl in wlc:li an in ves- 
tigation, it indicat,ed that, the: relationships implicit, 
in the equations were sound and could be used as an 
aid in designing ecluipmcnt for the atomization of 
liquids. The following tentative conclusions wcrc 
reached as a result, of thcsc studies. 

I. It, is better to use relatively large diameter 
liquid jets than relatively small tliamctcr jctx with 
hi&r liquid velocities, since small jets have the 
disadvantage of high-pressure drop and do not give 
much better atomization. 

2. As long as the liquid jrt discharges into the 
neighborhood of the verw coatrar~ta of the orifice or 
nozzle, the angle from which it comes, the point, in 
the region in t,he wm rmtmcta at which it, discharges, 
and the shape of the convergent part of the connt,ric- 
tion that produces the high-velocity gas stream at, t>h(: 
2n:nu co&ah, have: lit#tle effect on the atJomizat,ion. 

Consequently, t,he style of orifice or nozzle can bc 
chosen on the basis of ot,her factors, such as east of 
manufacture, installation, and cleaning. 

3. In a Venturi atomizer, a decrease in gas tlcnsily 
and an increase in gas viscosit>y reduce t,he tlcgrcc of 
atomization. 

The t>hroat, diameter of a Venturi of an aircraft 
exhaust generator must, he designed 42, 6L to obtain at 
normal engine operating conditions, :L throat velocity 
sufficient, to give the desired liquid breakup. On the 

other hand, t,he tliarnc:t,t:r rms1 bc xufflcientJly large 
to avoitl exccssivc: l,:.lck-1-,r,c:ssrlr~! on the engine. Thcst: 
factors can 1~3 tl~:t,c:rrr~inotl by ilxc: ol thr gas laws and 
the equation for Lhroat velocity in a Venturi ac:c:ortl- 
ing to 111~ following equations. 

(11) 

SubscriptJs I ant1 2 rc:f(:r LO upstrc:arn and throat 
conditions respoc:Livc:ly. 

V2 = throat velocit,y (fps). This can be esti- 

mated for a desired mass median diamo- 
tr:r from equation (8). Tn general, iL will 
range from 500-- 750 fps depending on thr: 
degree of liquid breakup desired. 

qC = dimensional const,ant,, 32.2 (11) mass) (ft 
per sq se(:) per lb force:. 

K = CJC,. 
R/M = specific: gas constant in consistent, units. 

T1 = ahsolutc: upslreem temperature (tle- 

grccs FL). 

PI, P2 = stalio pressures (lb force per sq ft). 
A2 = throat area (sy in.). 

DI, D, = diameters (in.). 
W = exhaust gas flow (Ilo mass par set). 

The first actual attempt> to obtain an aerosol of 
DDT by injecting a solution int,o the cxharlst of an 
airplane engine was made in 1944 hy t,hc Orlando 
T,aboratory of the Burc,au of EnLomology and Plant, 
Quarantine of the li .S. Dopart~ment of Agricult,ure. A 
Cub plane was used, :md with the injection rates 
used (120 gal pc:r hr), both large droplets and smoke 
were obtained. Tdater in c:oopc:raLtion with the Ten- 
nessee Valley hut,hority, cxliaust equipment, was in- 
stalled on a &DX Steurmun airplane which carries a 
450-hp crq$lc.3C’ In the earlier models, the solution 
was injoctcd directly into a simple extension of the 
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exhaust, manifold. However, t,he back-pressure was 
too great whf:n the diameter of the st<ack cxt,ension 
was suficiently nmall to obt>ain s:tt&ctory ntorniza- 
t,ion. Therrforc:, inst,ead of a st~raight~ stack, a Von- 
turi whirl1 c*ombined low back-pronsure and high gas 
velocity was installed. A 23$-in. diameter throat 
proved most satisfactory Gt,h this plane, ant1 t>hc! 
solut,ion flow rat0 and engine power setting w:~s 
nt:loct,od so 33 to obt~airi an arrosol wit ti an MMD of 

about, 50 microns. The equipment was used to dis- 
pf:rsc? :L 20(x, DDYVelsicol NR-70 solution for 
routine: anopheline 1:~rvicicling in the Tf~nnc~ssee Val- 
ley Aut,lrorit8y during t,hcl past year, ant1 a dosage of 
only 0. I lb IIIIT per acre! gave excellent, rcwlt8s. As in 
Ihc C:I,SC of the .Jeep gcne~ator, it, was found t,hat, a 

more satisfactory hop spectrum and uniform dislri- 
but,ion of insecticide is obtaincti by reducing t,he 
lengt,h of the: divergent, s&ion of the Venturi t,o a 
point mlierfl t,lif? f&meter is approximately 2.5 t<imes 
t8he throat) diameter. *a When an aerosol of MMTI of 
35 microns \vas used, the DDT was uniformly fiistrih- 
ut,ctl over a swat,11 greater t,han 200 ft, so t)lrat, ex- 
collcnt, control was obt8aint:tl wihh low closes without 
endangering ot,licr forms of wildliff:. The good results 
obt,ained with the 450-hp Stesrman promptotl the 
&sign of a generator for the PT -17, a 8tearm:~n with 
a 220-hp engine. A 2-in, diameter Venturi is usf-~1 on 
this plant, and resrrlt,c; of normCal control operut,ions 
wcrf: f~xcf?llent. Twf:Ive of theso generut,ors were pro- 
duced by the Tennessee Valley Authority for USC in 
(.:reecc by the IJnitcd NaCons Relief and l<.ehabilita- 
Con Assof:iation. 

The prom&c: shown hy t,he exhaust, genf:rators on 
the St,esrman planes warranted tlic: development nl 
Gmilar efllriprnent for use on large military aircraft,. 
Exhaust screening smoke generators had hccn pre- 
viously designc~tl for a Nav.y TBM-type airc:raft.44 
Sinc:c the general principles involvotl in the dr:velop- 
merit, of the smoke generator tmtl t,he insecticide 
genfxxtor are very similar, it, seemefi fL:sirable to try 
to design ccluipment for this type of airf:ruft which, 
wit,h sliglrt~ modification, could be used tither for 
screening smokes or for insectiaide work.17 Wit,h t,he 
smoke gcnwator, the: fog oil is injfxted X to IO ft, from 
the exit of t,he exhaust st,ack in order t80 allow sufi- 
cifd cont:tf:t, time for c:ompletIe evaporation of 11-w oil. 
Since a minimum contact time is required with in- 
xf?ct~icides, thn smoke gonf\rator had to be modified so 
as to inject, the DDT-oil solution near the end of the 
Rtack. T~IIS, by mere alt,f:ration of the point of injec- 
tion of the solution, it proved possible to obtain &her 

smoke or insecticidf: fquipment. With this type of 
aircraft, whiah oontained a Curtiss-Wright K21iOO- IO 
enginf: rat>ed at 1,s IO hp at 2,400 rpm ftnd 42 in. Hg 
absolute manifolfl press\rrf:, a Venturi with a 3:+&n. 
throat gave good results. The oil was pumped from 
a 270 gal bomb bay tank at 20 to 30 gal per rnin into 
the Venturi throat, through Todd 28-10 Mayflowf:r 

nozzlns. Borne fliHicuky wts fhtained with the fhg- 

ging of t,hese nozzles due to coking of the DDT xolu- 
tion, and freqtrent cleaning of t>he nozzle pl:tLf:s was 
recommended. However, in oxhaust generators tle- 
velopctl later it was found that, the nozzles wfxc not, 
requirctl to obtain atomization, SO t,hat) the plates 
could ho dispensrd with entirely. This observation 
was in agreement wit,h the predictions implirit in the 
empirical equations of Nukiyarna and Tanasawa. 

T3y slrit,:lt)le alterat,ion of tlic engine power setting 
arid t,lie solIltJion flow rste, aerosol clouds can be ob- 
tained with :I MMD varying all t,he way from 10 
microns;: to greher than IO0 microns. Thus, with the 
engine operating at, 2,400 rpm and 42 in. Hg mani 
fold pressure and with a delivery rat,e of 26 gal of 20$$ 
DDT in Velsicol NR, -70 per minute, a cloud with an 
MM I> around 20 microns is obtninctl. At 30 in. Hg 
manifoltl pressm-t: and 30 gal per min flow rat,c, an 
MML! diameter in the neighborhood of 100 microns; 
is grncrnt~ed ,I5 Tlrf: c:vaporat,ion of’ t,he Vclsicol NH-70 
solvent increases as t>he powf:r setting is raised and 
the flow rate lotvcrctl. At, 2,400 rpm, 42 in. I&, and 
a flow ratn of 24 gal per min, the evaporation was 
about 30”Ai;,. Analysis intlicat#ed that no decomposi- 
tion of the DDT was occurring. 

This eyuiprncnt was given entornologinal evalua- 
tion in li’lorida and Panama, and the: wsults were ex- 
cellent,.~h Doses of 0.3 to O.,I lb DDT per acre, ob- 
tained by flying the aircraft, in 100-yd swat,hrr, gave 
virtually complete control of Jl adults urifl anoplic:linf~ 
larvae. Observation indicated that the aerosol plume? 
was prrshc~l down b.v the slipstream of tlrc: plant: at, a 
rate of upproximaloly 10 mph, the plume reafhing 
the ground at all points when the plane flew at alti- 
tudes below 200 ft. Penetration of the aerosol into the 
foliagf: was ext:cllent although the jrrnglf? canopy ex- 
tendctl 100 to 125 ft above the ground. Tn a test 
car&l out, under thermally unstable f:ontJitions and 
in a high wind, thf? grounfl tlf!posit,ion was negligible, 
but the rctluctIion of mosquitoes was nevortheIe!ss bc- 
tween XOfK, and 90v<j. 

The promise shown by this genernt,or on the TBM 
promptoti the design 01 similar eyuiprnont for use 
with other military aircraft such as the ST32C -4, 
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ot chemical warfare agents, but8 sincc in most cases 
t,hese mere dosigned to protluce large drops rather 
t&n small ones they did not, prove entirely snt,is- 
fat:t,ory. Morcovcr, the flow r:it,os were very irreg&r, 
sncl this led lo spotty coverqq:. Modilicat,ion 01 this 
ecInipment8 by plrteing rf?strictJions in the oot,lets itn- 
provtd the situation somewhitt, but, they were still 
not, ver.y sat,isfactory. 

Laborat80ry testn with pneurnrdic: sprays intli&ed 
th:Lt, \vhen larger remounts of air wPr(: :Lvailablc, &is- 
faclory fr~~,F;mentation of liquids could 1~ obtaindh~ 
This ol)ticrv:LtJion suggcstotl spraying the inseclicitle 
solution ido the slipstre9m of an airpl:tnc: in such :1, 
m>tnncr :1s to take best :.ttlv~mtnge 01 tl11: air flow for 
achieving liquid breakup. T&s wit,li air vtlloci ties of 
220 u,nd 400 fps showed that v&tile solutions o! low 
viscosity WXY rnuc*h more readily broken up than the: 
nonvol:ttih~ orxs. In order to rn:ikc best ust: of t>he slip- 
stream, a spr:ty apparatus which would employ LL 
Vent,uri effect l#o increase the veloc:ity ol tllc: :Lir was 
suggested. Severd motlels, which according to cnlcu- 
latjons should give it velocity of up to about F(OO fps 
at8 the point, where the liquid is sprayed, were dcsigncd 
in coopcdion with the Army Air Forces. Among 
t,hofir were a rect~tngulatr VcnWi, a round Venturi, 8 
st,rr::lrnlinrd pipe, a strertmlinnd grid, anti a simple 
vrrt,ical discharge pipe. aa Mcnsurements of’ parl,ic:lr: 
size from t>he different dr:vices in t,cst>s at, Wright, 
Kidtl indicated that, drops in the range of 150 to 300 
microns tlinmet,er were being ohtainctl with all types 
when 5@/1, DDT in fuel oil wan being dispersed. Little 
improvement WBS obtained by using the more com- 
plicated Vent,uri syntoms. Although time did not 
permit, extensive measurements, there was sornc indi- 
cation t,hat, t,he Venturis were not giving the culcu- 
lated uir flow &es, probably because of the back 
pressure resulting when the tiolution was injected. 
Two of these devices, the vc:rt,ical discharge pipe: (see 
Figure 17) and t,he streamlined grid c&sting of a 
series of Venturis arranged in a grid shape, were 
selected for extensive insecticide tests in Florida and 
Yanamx.h* In order to keep the equipment as simple 
as possible, t,he solution is fed r:ntirely by gravity 
from large bomb bay tanks, the ruto being cont)rolled 
wit,11 a 4-in. gat,e valve. Bot#h B- 25 and C--47 aircraft, 
were used with these devices, and each contains two 
tanks with a t,otal capacity of 550 and 800 gal for t,he 
B-25 mcl G47, respectively. The flow rate is quite 
uniform for both types of sprayers until the tanks are 
nearly empty; the suction from the Venturis in the 
grid tends to improve: t,his property. 

R 
II 

VERTICAL PIPE 

-3TREAHLI 
.OPO” SLOTS FOR 

TUBES 
FEEDING LIGUID 
AT THE VENTURI 

In Panama, several tds were rim over dense 
tropiral jungle. With doscx of 0.3 and 0.6 lb per acr’c:, 
nearly 100(~0 reduction of adults and anopheline 
lurvne WWI? obtained wit,h both clcvices. Many drops, 
100 to 200 microns in diamctcr, penetrated through 
t,he 100-ft, canopy t,o the jungle floor. In view of the 
simplicity of the straight, vertical tlischargr: tube, this 
&vice was chosen as standard for dispersal of D13T 
by t,he Army Air Forces. This eqrriprnont would give 
satisfactory results on all large, fast military aircraft, 
but the air stream from small planes is inadequate to 
achieve satisfactory breakup. 

Later test,s were curried out in Florida to compare 
tho effectivcnnss of this straight discharge pipe with 
the C: -47 exhaust gennrator.*Y Although more rapid 
kills were obtained with the exhaustJ equipment, the 
control by bot,h types was about ident,ical after 24 hr. 
Thorcfore, in view of its extreme simplicity and 
adaptability, the spray equipment is considorcd more 
feasible for rout& control by the Army. The larger 
drops obtained with this device may be relatively 
less toxic to the insects, but they insure a grcatt:r 
dosage on ~lrltl near the surface imdcr all meteorologi- 
cal conditions. Tn theeo tests, 20% DDT in methyl- 
ated nuphthalene solvents was used wit,h the straight 
discharge tube as well as the exhaust generator. The 
results indicated that the more concentrated solu- 
tions were just, as good when the same dosage of 
DDT was ust:d per acre. Since the concentrates in- 
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crease the payload of a single flight of the airplane, 
their use is considered desirahlc whenever they can 
be made available in the field. 

3x.4.4 Aircraft Bombs for Dispersing 
Inset ticidcs 

The possibility of using insecticitlc bombs t,o ho 
dropped from aircraft, was consitlcrcd. In order to 
obt,ain good cont,rol throughout, an area such bombs 
should be small and capable of fit,ting in a st,andurd 
cluster in order to gcL wide dispersion. As a solution 
to this problem, att,rmpts were made to us{: a plastic 
bomb which was being developctl for other purposes.b” 
0nc hundred and ten of thcsc: bombs which contain 
390 cc of agent, fit, into the M-l 7 cluster adapter. 
These bombs contain a tetryl burxter to disperse t,he 
solut,ion. Tests wcrc made to dct,crmine the drop size 
of the dispersed insecticide in the arca over which 
tleposition occurred. When filled with 10%) DDT, 
10%) Velsicol NR-70,and 800/,, CC&, the: MMD of the 
droplets was below 10 microns. As the per cent, 
volatile material is decreased, the drop eizc increases. 
The area of burst from a single bornt) covered about, 
390 sq yd. With the ccseation of hostilities, the r(:- 
quirement, for this type of device has ceased t,o exist, 
although more cxtensivc: tests are pending. 

3x.s DTYL’ l!C)RMULA’l’lC)NS 

When DDT first came into general use, two lormu- 
lations were developed which could bc: generally usctl 
with the (:x&tent dispersal equipmanl. These were a 
5(r0 solution in fuel oil or keroscnr: and an c:mulsion 
concentrate (the Army conconlrate contained 25’%, 
.DIYl‘, 05(T0 xyl(!nc:, and 10Cx, Triton X--l00 and the 
Navy formulation contained 55’1/,, xylene ant1 20’5, 
T&on X-100). hltlior~gl~ thcxc formulations were 
satisfactory for rnuny purponcs, it seem4 desirable 
to obtain another solvent, t,o replace the: kerosene or 
fuel oil in order that more: c:oncentrat,c:d nonvolatile 
solutions could be prepared. This would allow the: 
shipment, of concentrates to the field for subs;cquc:nt 
dilution with readily available oils. Such :I concen- 
tratc should be stabla at low tcrnperatures in order t)o 
prevent, separation of t,he DIYI’ during stor*ugc or 
shipment. In order to bc satisfactory for disprrsal 
purposes, the solvent should be nontoxic and rela- 
tively nonvolatile, t,llc: viscosity should hc low and 
the flash point, high. 

ln the search for such a solvent, an investigation 
was made of the polymet,hylat(tod naphthalcnes which 

are marketed by a number of companies under such 
trade names as Vclsicol Nit-70, AR 80, AR-50, and 
AR-40, .ICoppers K-327, Are-Sol 151I$ APS-202, and 
Culicitlc oils.h”, 67 These nolvent,s are capable of dis- 
solving more tIllan 33$!j/0 DDT at, room tempcralure, 
and 25% solutions may bc diluted to any conccntra- 
tion with kerosene or fur:1 oil without, separat,ion of 
DD’I’ crystals even at 32 F. The physical properties 
vary somewhat from solvent, to solv(‘nt, but they are 
goricrally satislactlory for most dis~)c:rsal 1180s. HOW 

cvcr, they atlack rubber and, to a lcseer extent, syn- 
thatirx, so that niet>al gas:ketls and Lubing arc: recom- 
mended in all equipment1 being used with these 
solvents. The Velsicol NR 70 has been used e&n- 
sively in aircraft dispersal work and been shown to 
have some insecticidal potency of its own. 

For the Hnchbcrg-lalvler-t,ypc generators, certain 
special problems had to be solvctl in developing satis- 
factory formulations. In atltlil,ion to the ability to 
dissolve the rnquisite amounl of DDT, it is necessary 
to olGn a solution with a volatility which wo~tld 
give Ihe desirotl drop sizes with the normal operating 
conditions will1 the gcncrator. If volatile solvents 
arc employed, evaporation is exccssivc and the drops 
too small. Decomposition of the DDT rnight3 take 
place. For the: earlier generators which used emul- 
sions, the following formula, which contained ap- 
proximately SOA, DDT, has been tlweloped.2”~ 58 

10 cc 1~1)~: oil 
20 cc xylcnc 
9g DDT 
2 g Atlas T\w:cn 85 

IO0 cc water 

Ot,hcr emulsifiers such as Trit>on X-100 and a mixt,urr: 
of Span 80 and Tween 80 were unctl succc:ssl~~lly in 
place: of Twccn 85. Where more: concentrated solu- 
tions are desired, 3$, DDT in Aro-Sol 151I$ a 
polymethylated napht~halene, is used in place of the 
hlbe oil-xylene mixture.h7 

Since the Army and Navy had xylcne emulsion 
concentrates already availablr in the war t,li&ers, 
formulations for the use of the concentrate in t,he 
Hochbcrg-T,aMcr generator were developcd.h” The 
addition of diesel and lube oil gives a formula, which 
under normal operating conditions for the Rcsler 374 
and E-12 gewrators, produces an aerosol of proper 
drop size. However, t,hc coils on the F 12 generator 
are not made? from stainless steel so that the: emulsifier 
in the concentrate corrodes and recluccs their life. 
Thcrcfore, since this model does not require an 
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emulsion became of itIs cloul~lc plunger pump, the us(: 
of the concentrate with this generator is not rccom- 
mended. 

Tn order to insure that, all formrrlations had good 
inscct,icidal properties, t,eet,s were mstlr: in a wind 
Ounnel to del(lrrnine the relative &:c:Liveness of 
Dl3T aerosols from different, solvenl;x in obtaining 
contact kill of tttlult, mosquitoc:s.14 As long as the sol- 
vt:rit> was sufiicicntly nonvolatile to prevent nomplele 
evaporation, no diffcrt?nce cor~ltl 1)~ noted within the 
limits of experimrntal error. The relativr v:tluc! of tkt: 
different formrllations in obt,:l.ining residual kills has 
not, been tlhorouglily invesligat,etl, Id tlr~re is sotne 

cvitlcnce that emulsions or suspensions give: a more 
offcctive tleposit than some of 111~: oil formrdat,ions.“O 

38.h PllYSICAL M I~TTIODS IJOK FIELD 
ASSFSSME NT 

In the course of t,lie development of n(:w equipmcnl 
for the dispersal of DDT, it, becamch apparent tlrtit 
methods of assessing the value 01” lJre new dcvict:s 
tnust 1,~: found. Final evaluation of llie usefulness of 
any eclr.tiprric?rltj has ol nr:cc:s&y t,o 1~: made on the 
basis of it,s c~nlornological efft:c:tiveness untlcr different 
fic:ltl conclitions. However, since: errtomological tests 
require a grcal deal of effort, can be rarricd out, only 
in certain places and under c:c:rt,nin condilionr;, and 
Frcqucntly do not, offor a clear-cirt answer’ as to the: 
Plativc: value of diffcrerit, trcatmcnts, it is vt:r.y 
desirable t>o evalu:lt,r new devic:c:s by physical rneth- 
ocls which can br c:orrelnted with entotnologic:al re- 
sult,s. Two physical propc’rties which are considcrctl 
impor+nnl in t>his t,ypc of work are 111~: par%icle sizr 
of the dispcrsc~tl material and the insec:Lic:itlc dosage 
at, auy point. This latt,er measurement sho111d include 
not, only the airborne dosage, hut, also t,hc dcpoait8 on 

the ground and other surfaces. 

In t,hc Lvork on screening smokes, a number of dif- 
ferent optical devices, such as the Owl I3 and Slopc-o- 
Meter,“r hat1 been clevt:lopetl for tlic mf3asuremenl of 
particlr siz(:, but none: of these c:oultl be used satis- 
factorily for drops largrr t,han 1 or 2 microns in 
tliamet>er. Since: such small drops have bcc:n shown to 
be rc:lat,ively in&:ctive for insecticidal work, this 
type, of apparat,ux in iiotj of much use in this fir:ld. Vor 
measuring largrr drops, it was found ncccwary t)o 

collect samples on slides and to measure and count 
the drops with a mic:roscope. 

Two rncthods of collecting tlrc: drops have been 
used successfully under cliffcrcnt conditions. One 

method of collection involved &king of a sample in a 
wide-mouth container and allowing the drops to settle 
on t>he slide which is plac:ed on the bottom. This 
method picks up all sizes of drops equally efliciently, 
hut requires somnI: care in collr>cting tlic dnmple to 
insure t8htlt the larger sizes arc: not selectively de- 
positted on the walls of the container. 

T3y a soconcl method, a slide is waved through t,he 
insecticide cloud, and the particles collected by im- 
pingement. A fairly reprc:snntative sample is obtainctl 
as long as tlr(: drops arc larger than about, 25 mic:rons 
in tliametcr. However, for smaller p:~rticles, the irn- 
p&ion efficiency is appreciably less tlrarr 100(x,, and 
a c:orrection must, be made for the failure: of the waved 
slides to pick up the smaller drops. The: relative 
effic:inncy for tlic different si5Cs can 1~: calculated 
according to dat,a of Sell for a flat, plate,8 but, for all 
practical purposes, an approximation (which is suf- 
ficiently accurate for most work), is obtained if it, is 
assumed that, the per cent of particles picked up is 
proportional to the square of the particle radius. 

A number of special devices have also been devel- 
oped which collect samples by impact>ion and give 
more ttccurnte results than the rnun~~nl waving of tlrc: 
slides. The cascade imp:lclor,RJ in which the sample 
is drawn through a series of orifices so 8s to allow tlio 
particles to in&act, on slitlcs, has bttc:n used quite 
cxtcnsively. Tlrc? orifices arc chosen so as to impat:t, 
selectivnly differtrnt, particle sizcx ranges on tllc various;; 
nlidcs, arid, in t)liis way, it is possible to xepsrate the 
drops into four size groups. When a properly cali- 
brat,4 inst~rumc~nt is used, counting the drops is nn- 

nerr>ssary, and amtlysis of the quL&ty of mat,c:rial on 
the srrrccssive slides is t;ufficient to charactorizc: the 
drop size distribution of t,he cloud. The largest drop 
size rangr which can bc mc?nsured on this device is 
from 15 to 50 microns in diametJer, and the smallest, 
1 t>o 5. ITow:v~r, since this instrutncnt requires 3, 

SOIII'CC of suction t#o pull t,he sumpl~ through t,lrc: im- 
p&or, it, is somewhat, cumbersomt: to use on :L large 

sc:tlo in the field, and for most practical ~II~~OSCR, the 
simple waved slidns give satisfact,ory results. 

Under various c:ontlitions, a number of diffcrorit, 
types of slides have been used succcesfully. Originally 
olcophobic: slides coatctl with four rnonomolecrrlar 
layers of copper barium stcaratje were wed, but since 
these slides were clifficultJ to preparc, another coaling, 
NNO (mannitan monoluurate), was substituted by 
workers from the Department, of Agric:ultjure. Re- 
ccntly, it has been found quite satisfect,ory to use 
carefully cleaned plain glass slides, ant1 calculate the 
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actual diamotcr of drops on :I, basis of nn c:spcG- 
mentally tiotc:rmined spread f:~c:tor. For most, nt)lu- 
tions thin spread factor is in the neighborhood of 0.4. 
These: types of slidas give good yesult,n for drops as 
small a~ 1 to 2 microns; in diameter as long as thf: 

solv~:nt; is sufkientl,y nonvolatile. However, when 
volatile solvents are used, thc:y arc: rmsatisfM,ory 
sinc+e the drop will spread arid evaporate before the 
counting can bc: completed. h pholngraphic mcltiod 
of counting the drops has hrm tlcveloped by the 
Chcmic::rl Warfare: 8ervice,R3 and it,s 11131’ reduces tlic: 
time requircxl t,o obtain a rc(*ord, but) evc>ri with this 
app:tr:ttus, the: l&tin glass and oleophobict slitlw are 
not ton satisfact~or~y. hnothcr~ canting \vhicti ti:.1,s been 
found particularly uacful when volatile solvcn ts are 
used is magnesirxm oxi&.““* 64 With t>his m:Ac:rial a 
crat,er is left when thr: tlrq impa& on tlic: slide, a,ntl 
a mow or less permanent record of thch drop size is 
obtairic~tl. Since the? water is a dircxt, rnc~tsuremerit, of 
the tliarnc~ter of the original drop, no spratd factor is 
requirc~tl with these: slitlcs. TIowevcr, it is important, 
that the thickness of the mxgnc:si~mr oxide layer bc 
grc&er than tlrc: diameter of the: drop in order to get 
atacurate results. This mcthotl can be usotl for drops 
as small as 20 microns in diameter, but, pnrticles 
smaller than this do not, leave a crater \vtri(:h c::tn be 
accuratnly measured. A carbon coating 11~s been sug- 
gestctl an a replacerncnt for magnesium oxide, but the 
results with it, have bcon found less rcp~oducible.fi’ 

Vor tlrc measurcrncnt of. airborno dos:tge, t,he 
ordinary metho& which had been useflll for sampling 
toxic gas clouds are not cornplctely satisfact>ory for 
correlation of physical tlat:t with entomological cf- 
fectivencss. Experimcnt,ul data and theorcticul calcu- 
lations have shown that the particle sizo of the cloud 
has a great effect on the dosage required for the kill 
of adult, insects on the wing. Therefore, for adequate 
physical assessment it is ncccssary to know the air- 
borne dosage of each particle size or particle size in- 
crement. Since! simple mass analysis does not provide 
any breakdown into particlr: size ranges, it, is m- 

satisfactory for this type: of work. 
A new method has therefore bocn suggested for 

dctcrmining airhornc dosage h-v the uxc of horizontal 
slides,li since the deposition of particles of a given 
drop size is relutcd to the dosage, Ct, of those particles 
in the air a2t that point. The rclutionship between Ct 
and the aroa deposiit ma,y bc oxpressed as follows: 

ctn = 
N,, Md 
-- 7 

l&i 

whew I& = concentration-tirne product of drops 
having a diamctcr of cl; 

iVa = av(\rage nurnhc>r of drops of diameter tl 
dcpositcd pc:r unit, area of horizontal 
sidace; 

M,! = weight of drop having a diameter d; 
~4,~ = settling velocity of drops having diarne- 

ter rl. 
I 

Since both Md and 7~~~ are proportiori>tl t,o the drop 
density, ttic: above cxprrssion is indcpcndent of the 
drop dnnsit,y. If it, is >Lssumed t1~g.t laminar flow OF 
MM at, :L small distanw :tbove the pl:.tlo, then Btokrs’ 
law may be used for tlet8ermining 7~~~ for drops sm:j.ller 
t,han 80 rnicronrr. For larger drops, llris law no longer 
holds for the l,c~rrninal vc:loc:iLy, :tnd the Cl’s arc: 

1 

z 
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DROP OIAMETER IN MICRONS 

hi&r than those obtained using t,his 1:tw. In Figwe 

18 a plot of Clt (mg min per cu m) per unit deposition 
density (drops per xquare centimeter) v(:rsus the drop 
diamotcr in microns ix given. In using this method of 
dotermining dosage,. the number of drops in each size 
increment is count,ed microscopically for a unit arcs. 
The dosage of (tack increment, can be determined di- 
rcctly from the product of this number and the proper 
factor from Figurt: 18. In order t,o obtain the total&at 
any point, a summation must bornade over all the drop 



STTMMARY .AND CONCT,USIONS AD1 

sizes. With tjll(?sc horizont,al slitins, it has been found 
advisable to 11s~: a holder or pl:.~te so l;li:ht t,hc top of 
t)he slide is Ilush wit,11 the? sidcx of the: plate. This is 
rwwssnry in order t)o avoid etlge effct+ mllic:h would 
tend to give spurious rc:sult#s. With this method a 
consitl~~rable amount of microscopic counting is re- 
quired in order to obtain xt:btistic:slly significant, r(:- 
suits. 

AnoLh method for measliring airborne dosage 1~~s 
been sIigg&ed by workers at Chicago Tosicily 
I,aboratory.“~ This rnc#~od collects t>he sample on 
t,wo or three: vertical wires of different diampt,crs and 
relies on 1,hc relative collection efficicncg of the dif- 
f(:rent mires for clifferont, particle diamt?t,ers in order 
to obtain tllc: dosage. From thr: ratio of the pickup on 
diffr:r& wires, t>he MMD of an aerosol r4oucl :and the 
true nrc:tl dose can be calculat,ecl from previously prc:- 
pared graphs giving the correction factors. The Ct can 
be culculatecl from t>he arca dose by dividing by the! 
wind speed. With this method it is only nccossary to 
det8ermint: analytirally the amount; of material col- 
lected cm f,he tliffercnt, wires, so that, no counting OI 
measuring of the particles is required. 

A numl~er of tests bot#h in t>he wind tunnel and in 
the field have been carried out in an attempt to 
tletJermine tlic! practicnbili ty of using either of tli(?se 
t,wo met#hocls for measurement of airborne dosage: of 
inscctjicitles.u” For comparison, Cascade impactors, 
filt,c:rs, and electrostatic precipitators were used. Tllc 
results of the horizontal slides were: about as repro- 
duriblc as those obtained by other methods, hut the 
dosages were apprc!ciably lower t,hAn t,hose ol)t,ained 
with filters or elet:trostJatic precipit#ators. The method 
involving t>he wires suffered from imt1)ilit.y to obtain a 
good analyt,icnl melhotl which was sufficiently scnsi- 
tive t80 measure tlic srriall doses which are entomo- 
logically import,ant in t,he field. The necessity of 
knowing t8hc wind spcctl in or&r to calculate 01~: 
dosagc~ is also a disadvrantagc:. No correlation between 
either of t,hc:se methods and ont,cmologic:nl resmlbi has 
yet, been at~t~r~rnpt,ed, md until such datft :~r(: availablr, 
it, is difirrllt, t>o draw any conclusions as to lhir 

merit>s. IIf rnus;t he r:rnphasizt:tl again t,haLt t8he final 
evaluation of any dispersal device tnrlst, tleperitl on 
111~: clit~omologicnl r(~+ults obtained on tJreatJtncnt, 
under :I, variety of field conditions. 

38.7 YUMM ARY AN I> CONCLUSIONS 

As :l, result; of t,he resal.rch carrind out on the devcl- 
oprn~nt, of eql@)rnentJ lor dispersing DDT, :I, numbc~r 

of conclrrsions have t)c:c?n reached which sliould prove 
of lasting value, with respect, to 111~: dispersal of 
DDT as \vcll as insc:cticides in genf&. The opt8imum 
particlc size for obtaining c:ont,act kills of adult1 in- 
st\ct>s on tlic: wing has been exporimenl:~lly detcrrnine:l 
wilhin cerl:ain limit#s! and a tliPorotics1 hsia for these 

obxc:ruations 11:~~s been worked orit,. Tt, has been &own 
yuitc conclusively that, as the particle tliame:ter is 
clec:rc:nst?cl below I I1 microns, tlic dosage required fol 
contact, kills inc:rt>ases r’apitlly. This significant, oh- 
servation denionstratjes c:onclusivc+y the inadvisa- 
bilit,y of using clmplcts of st:rPcning smoke size, 0.4 to 
0.7 micron, in insccticiclal work. Since it has been 
sl~own that, t,he incffoctiven~xs of the small tlrops is 
due to &ir failure lo impinge: on the insect r:tt,her 
than to any toxicity considerattion peculiar t,o DDT, 
it is indicated that> these small drops will he less cf- 
fcnt,ive regartll(:ss of tlic insectic:itle used or the lype 
of ins& being treated. 

While no exact, limit has been dotermined for the 
point whore the drop size b:?comes too lar’gc: to be 
insect,icidally effective, it has been shown that the 
toxicity of drops be!tween.lO and 60 microns does not 
vary widely. The thc?oretical calculations havt: shown 
that the point at which the effectiveness starts to de- 
crease as tllc: particle size increases is dependent on 
the number of drops which must actually hit, the in- 
xcct to product mortality. Since this will, in turn, dc- 
pcnd on the concentration of insecticide in t,he solu- 
tion anti its toxicity to t,he particular insect, any new 
insoctiaide or ins& will huvc to be cxaminctl with 
tkeep fsct,ors in mind. 

In addition to tllcse laboratory st,utlies on the 
toxicit,y of the diffc:rt:nt particle sizes, suflicient, field 
work bac:kcd by theort:tical calculations has brc:n 
carried 011t so that ret:ornmendrttiorls can 1)~ made of 
tllc: best mannor of dispersing DDT under a variety 
of practical rontlitions. Thic; information can be ap- 
plied t,o all types of insect control work. 

The expcrimentul work on 1~110 residual effect of 
1) I>T has X)c:r:n much more lirnit,c:d. Howover, the 
st,utlies tll:tl, have been made WCI’C sufficient, to point, 
the way loward fut,rlrP r(!searcli. Tlio type of solut,ion 
dispersed, tlic: type of surface treat,c:tl, the c*ontli tions 
of csposure, :rncl the nianm:r in which h treatrnprit, was 
~nadv, have all t)pcn ~1~0rn1~ l#o have a profound c+fc:ctJ 
on ttic: residual :tc:Gori. Frrntlamnntal st,udies corrc~lat- 
ina tJ1(: physical (: hara&er of the deposit, and the t,ype 
of sr~rfac’c: with t,liP insccticitlal c:fCctivcnr:ss shor~ltl be 
made. The relative importuner: of residual kill and 
contnci, kill should also be invrstigated. These strldics 
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would be of great help in dcvcloping insecticide 
formulations and mct,hods of t,rent,mttnt. 

Two new devict:s have been developed for the 
ground dispersal of insecticides. Thermal generators 
of the Honkberg-LaMer type have been produced to 
disperse a relat,&ly homogeneous aerosol whose: cf- 
fectiveness in killing adldts and larvae has been 
clearly dcmonntrated in many regions of the world. 
The general principles involvt!d in such devices hitve 
been clarified so that new equipment can now be 
designed without excessive exporiment,ation. Furlher 
dimplifioatiori is undoubtedly still possible and greater 
adaptability to cliffwen t conditions should he at- 
tempted. Work is now under may on a generator 
which injects the 1)DT solution after the heating coil. 
If successful, this will elirninatr: a lot of the trouble 
due t,o coking and corroding and should simplify the 
use of new insecticide forrnulationa. Although Hoch- 
berg-LaMer-type generators arc large and complex, 
they can be operated easily aft,cr brief inst,ruction. 
The controlled particle size should prove even more 
valuable for insecticide operations in civilian arcas 
than in the war theatjc:rs because of t,hc care which 
must be exercised under such conditions. Further 
work with this type of generator ag&st agricultural 
pests should be carried OIL 

The exhaust generator for motor vehicles has been 
enthusiastically received because: of its extreme sim- 
plicity and should have wide use in the future. hl- 
though the dispersal is not as csrdnlly controlled as 
with the more complicated Ho&berg-LaMer gcncr- 
atom, this device should be ext,rcmely valuable for 
controlling a number of insect pests in small areas. 
The ability to vary at will the drop size from an 
aerosol to a coarse spray is an c?xt:ellent, fcaturt:. 
Further work is required to adapt this type of equip- 
ment to ordinary commercial vehinles such as trucks 
and tractors. 

In the field of aircraft dispersal, two methods have 
been develop& both having their respective ad- 
vantages. The simple sprays have proven ver.v useful 
in thti war theaters where simplicity and case of 
installation and maintenance are prime rcquisitcs. 
Tht: ability Lo use these sprays untlcr a wide variety 
of rncteorological conditions was :m important factor 
in Gicir use. Moreover, in these arcas, the: effects of 
t,hc insecticide treatment, on other forms of life do not 
have to bc given serious consideration. The straight 
discharge pipe gives satisfactory results on fast, mili- 
tary aircrdt, but would not be satisfactory for slow 
light plants. Work on th(: development, of the Ven- 

turi-type sprayers for military planes might bc 
warrntJed . 

For civilian purposes, dispersal has Lo be carried 
out under more carefully c:ontrolled conditions in 
order to avoid darnuge to other forms of wild life: 
and crops. ltioreovcr, in civilian work, the complexity 
of the apparatus is not such an important factor since 
the equipment can be permanently installed. For 
these reasons, the aircraft, exhaust generators should 
be of particular value in this type of work. The small 
aerosol droplets produced permit, uniform deposition 
of the insecticide over t,hc en&: area, and the dosage 
used cm be more carefully controlled. 1‘1~: ability to 
alter the drop size from a fine aerosol to a spray makes 
this type of cquipmcnt extremely useful m&r a wide 
varict,y of conditions. Design of Venturis for llse on 
new types of aircraft, shouhi be continued. 

Tn Ltddition to the design and development of actual 
devices for dispersal of T)1)T, research on the theory 
of atomization has been inaugurxtcd. Thc!se st,udies 
arc of prime importance in the design of any equip 
mt!nt for the cljsporsal of insecticides, and warrant 
continuation. The fundamentals involved in atomi- 
zation have nover been clearly resolved, and rwults 

of rescurch in this lint should prove of value in many 
other fields as well a~ in the dispersal of insect,icicles. 

3X.8 LTST OF MATTTEMATICAL 
SYMBOLS USED 

1M = dose DLW for kill. 
1L = veAicn1 velonit,y of dtqs. 
tl = dia,meter vf drop. 
P 7 density. 
ri c nccelcr:~,tion dw to gravity. 

1 
= viscosity air. 
= horizon td surface of inaecl,. 
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A&/Q = fraction losl tsavcl horisnnlltl. 
9 = vcrlicnl distance. 
A = implclion efficiency on vert,ical surface (WI). 
do = diameter of single drnp wit,h the same ratio of surface 

t,o volume as H represent&ive sample of the drop in 
the spray. 

m = liquid f;urface tJenxion. 
IJ = liquid viscosity. 
Qu = volume: flow tiLtme of RR,S. 
Qr, = volume flow raI,c of liquid. 
u d = set,tjling velocity nf &opts of diamcler d. 
Md = weight, of drop of diameter cl. 
Nd = average nurnlrer of drnps of diameter d &p&ted pc~ 

Uflil area. 

Y = constant in empiric:tl equn,t,ion or Nukiynrna and 
Tnnnsswa. 

P 

a 

2, 

V2 
!F 

Jr’ 

= colatnnt, in empirical equntion of Nukiyarna and 
T,ana.sawa. 

= const,nnt, in empirical equxliorr of Nukiyama rind 
Tanasnwe. 

= conetant in cmpiricnl equation of Nukiynmtb and 
T>~nus:tw:t. 

= gas velociby in VenOuri throat. 
= dirnensionn,l constant, in equation for throat, vclocit,y 

in a Venturi. 
= C,/C, (ijpecific hc:ll at conslant pressure/specific heat 

at, consbant volume). 
R/M = specific g;LF: cont3trmL 
T = I;crnper,zture. 
a = dinmcOer of Venturi throat,. 
4 = diameter of exhaust, stack. 
PI = exhaust, st,,zck pretlsurc. 
p, = Venturi throal, pressure. 
A2 = Vcnt.uri throat, a,rc:t. 
W = exhaust gas flow. 



INORC,ANIC TOXIC GASES 

By John, C. Bailnr, Jr. 

39.1 I NTR0.D UCTIO N 

A 
MONC: THY MANY TOx1c gttses fiuggested or investi- 
gated during the war were several that are en- 

tirf:ly, or in part, inorganic in nature. Tllcse include 
some well-known subst:tnces such as iron carbonyl, 
cyanogen, hydrogen cyanide, cyanogen chloride, ant1 
arnine. None of thfq except, ayanogcn chloride, re- 
coived $1, great amount, of study, as their use had been 
previously investigated and found impractical. Of the 
newly discovered gases, those containing fluorine 
proved to be of particular interest, l~ccause some of 
them show great stability and high tor;jcit,y. It was 
hoped also that, their hi& volatility would correlat,e 
with penetration of canisters. The most, important 
members of this group which wcrc studied lay 081<.L) 
are disulfur dc&luoridc (S$~O, 1120, 14’5, Z) and ttlc: 
fluopbosphnt,o esters. 

3Y.2 ~UISULFUR DlXAFLUC)RIDE 

3!1.2 .I. Preparation 

This substance was discovered by Denbig Ltnd 
Whytlaw--Guy 1 as a by-product, in the uncontrolled 
reaction 01 fluorine and sulfur. The yields in their 
exporiments were less than 1%. The toxicity and 
stability of the substance, and ils complcle lack of 
odor or lacrimutory propertif:s, suggext,od that it, 
might, bc an idcal war gas. A great amount of effort 
W:LS expended in studying its propertiss and in seek- 
irlg a satisfactory method of preparation. The Inttcr 
result, was not nchicved, :md the &fort was finally 
abandoned in t<hc: UnitJctl StJat8es. It has bcm calcu- 
lated 2 thtd the cost of lhe fluorine usctl in making 
1120 would run bclween $21.00 and $140.00 per lb. 
The mat8eriul usctl l’or t8csts on tJoxic:itJy ant1 other prop- 
ertic:s amountctl to about, 3 kg, the preparation of 
which required the work of four men for about> :.I, year. 
Howevf:r, frn~thc~~ st,udy of tlic: nat,un: ol the m:ttc:rial 
and of fluorination rcactionn may yet, yield a fiuit,able 
motbotl. 

Il’ha Conhwbled tLeuctl:rw, of Plwrhe nml Suljur. This 
has bf:c:n thf: most, successful met~hotl yet Htudied, Kiv- 

ing yieltlfi :.~ppronching 30$0 (baxcd on sulfur) in sornt: 
(‘ases. For best rf:nulLs, the fluorine must, be dilutc,tl 
with an inert gas, ttnd the t<c:rnperat3urr rmlst be c:~r(:- 
fully controllctl. Nitrogen has commonly been used 
as the: inert gas.” The UH(: of sulfur hcxduoridf: in 
place ol” nit,ro&n did not, improve the: result.” 

Tn the most, successful procedure,3 purified fluorine 
is mixed wit>11 pure nit,rogen in the: ratio of l/10 and 
passed over solid sulfur in a copper boat contained in 
a copper reaction tube, which iR kept at room tem- 
pcrature lay artificial cooling. The products of the 
reaction arc caught, in suitablt: traps, If the flrxorine- 
nitrogen ratio is too low, ttic lower fluorides of sulfur 
(SF, and &Ij’t) arc formotl in considerable amount; 
if the ratio is too high, Sk‘6 is almost tlw only product. 
Attempts to adapt this procedure to large-scale ap- 
puratus were not, entirely successful, as the yield ob- 
tained was much decreased. The difference is prob- 
ably due to insufficient co&o1 of operating condi- 
tions, and could doubtless be overcome by further 
stut1y.5 

The fluorine usc~l must bc extremely dry. A fresh 
fluorine generator 11sual1~r gives a poor yield boc:suse 
the issuing gas is slightly moist, or contains C)F2, 
which seems to exert, ~1 harmful cffcct. Best, results 
are obtained only af2ftcr the generator has run for 
several days; l%ir results can bc obtained usual1.y 
after the gencrfttor has operatctl for 24 hr. 

Many vltriants of this plan were stutlied.4, 6 The 
sulfur was finely divided and fiuspended in the nitro- 
gcn; meltrd, vaporised in a stream of nitrogen, tlis- 
solved in sulfur monochloride or carbon disulfitlo, or 
suspended in liquid hydrogen fluoride. 

Tt, is proh:thle that, the reaction of Mulfur with 
fluorine libc:r:ktes enough heat t,o give a high tcm- 
peritlure at, the point ol reaction. This seems to I)(: 
etiscntinl to the formalion of 1120; on t>hc: other hand, 
the I 120 must1 be lomoved from the hot, Eone immpdi- 
:r.t,ely or it is clc:r:omposer~ or further fluorinatc!tl. If 
this vic\v is correct,, t,he successful prcp:trstion of 1120 
from the: elements depends upon the m:Gntennnc:c of 
propf.:r’ conditions of temperatureY r:ttc of flow, and 
other physical conditions. Attempts to preparv: 1120 
by allowing vcr’y hot, sullur vapor (700 C) to react 
with fluorine close to a cold condenr;ing surface mere 
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unsuccessful. The reaction gave only sulfur tetra- 
fluoride and su1f11r llcxafluoride. 

The Action oj Fluorine on Sulf 1~1’ C~orr~pountls. Mer- 
curic sulfide, sulfur monochloritlf~, fiodirnm disulfitic, 
potassium penta,sulfitle, antimony t8risulfide, ant1 
sulfur t,c:t,r:lfluoritlt: \vfx-c’ fit8udied, hut with little HIIC- 
ccss. ‘l’hc:sc: studies yielded exr&nt, met,hods of 
preparation of other fiulfur fluorides, however. It was 
ol~sc:rvc:tl t,liat, tlic :~bc:tion of fluorine on mercuric sml- 
fide gives pirrc Nidlur lic:x:bfluoride, and it, r(:acts wit,h 
Llic vapor of sulfur rnonoc:hloride to give sulfur tetra- 
fluoride of high purity in good yield. 

The Pluo~ination of Szdjur Ch.lorides by Hsuvy Metal 
Fb~orirles.~ This met,hod st:cmotl attractive in Lllat, it, 
does not, involve the use of elrrnc:ntal fluorine. At- 
tempts Lvere made to fluorinutc sulfur monocliloritl~: 
by means of the fluorides of sr?vc:ral heavy metals. 
Evidently sulfur monofluoride (S2FJ was formed, 
but, it, was quickly destroyed, either 1)~ reaction with 
the glass, or through its own instability. Whether 
SzFz co~llcl 1~ further fluorinated to S,lJ1, was, 
therefore, not detcrminctl. A valuable hy-product 
of this research was tllc: tlovelopment of a method of 
making anhydrous fluorides of the heavy rnc:tals. 
hccorciing t,o this method, a mixture of dry hydmgcn 
fluoride gas and an inert gas is passed countercurrent, 
over t,he heated metal oxidc in a rotary kiln. The 
water which is formed is swept, away by the gas 
st,ream. P’or each of the metal ox&s certain condi- 
tions of t,cmporat,urc:, temperature gradient, and rate 
of flow of gases must, be maintained. 

Th,e Action oj (‘Higher” Inorganic I”luori&s upon 

B,uZj~r. This study amounted, for the most, part, LO :t 
search for a nonc:h:ct,rolyt,ic met,hod of preparing 
fluorine. Fluoritlcn, such as 3KF. IIF 1 Pl)F4, KsMnFB, 
&MnF6, 3KF +2C:e1?,.2H,O, CeF.lvH&l), I V6, and 
ZrC)E2, arc said to he formed williout, t>he use of ele- 
menbqy fluorine, and to yield fluorine 11pon heating. 
They might thus 1~: usctl as regenernblc sources of 
fluorine. Mixed with sulfur :l,rlti heated, they might, 
give the desired compountl. It, WLS found,* ho\vcv(~r, 
that, the compounds were tlifhcult~ to prepare and 
were: poor nonrccs of fluorine. 

The Adion (jj Plunrinntinq A q&s 011 Sultm- Clnm- 

g~omlrds.” Sulf’rlr chloride ant1 tJhc: tetrafllloridc wprc 
treated with such fluorin:~i.t,ors as iodine pent:tfluoritle, 
bromine t~rifluoridc, ant1 hydrogen fluoridc. In the 
main, these nictJliotls give: mixtures of tlir tehfluorifle 
ant1 hexafluoritle of sIllfur. 

react with sulfrlr hcxafluoride at 400 C, but, t>his could 
not be confirnictl. Sulfur liesafiuoridc tlocs react 
readily with many anhydrous salts, howt:vcr.4 Sodium 
rind calcium iodides, sodium and bnrium k~romitlcs, 
ant1 calcium sulfide were sludictl. In cwery case, frco 
sulfur and tllc mcbllic fluoride wrr(: formctl. 

The Action oj Hyhgcn PI uode upon Sodium and 

Barium Dithionules. This rncthod was att~emplcd ho- 
cause the dithionato ion c(>nt,ains a sulfur-srrlfur link. 
No sulfur fluorides wcrc formed. 

h’euction oj Pluoke Oxide <with, Sulfur and ~with 

Suljur lksobved in ~Sdju,. Monocldwide. The prod- 
ucts wcrc sulfur tetrafluoride and the oxyfluorides 
of srllflIr.‘L 

39.2.2 Propertics 

Disulfur decafluoridc is a volatile, heavy liquid 
(density 2.08 at 0 C)l with a slight, odor. When pure 
it melts at -53 C, hut the? rnclt,ing point is very 
sensitivr: tjo traces of impurities. Burg’2 has calcu- 
lated the boiling point, t,o be 30.1 C from the vapor 
pressure equation 

log,, p, ,,,, 1 = - Fj + 1.751og,,T-o.o081BG+ 7.1348. 

Below the melting point, the solid follows the? cyua- 
tion 

16707 
log,0 p,,,,, = 8.32 - - . 

T 

The substance is practically insoluble in water (less 
than 0.0050/;, by weight). 

Disulfur tlecafluoritlo is inert, to many chemical rc- 
agents, such as caust,ic: nlknbes and strong acids, and 
does not attack steel. It, is unronctive toward glass, 
parafins, and Apiezon L nt,opc:oc:k grease, and can 
1)~ dried ov(\r phosphorus pcnloxitlc or potassium 
hydroxide. Although itI does not rfw:t, with the com- 
mon organic solvents, it, dissolves in olive: oil (with 
which it, reacts sliglilly) t,o t,he extent of 40&. It, is not 
:LtJtaclrt:d hy fluorine, Ijut rcbac:ts witJh chlorine wit,11 
the form:ttion of a slightly vol:t,ile liquid. FXliylene 
reacts slowly with 1120. 

The tlicrmal stability of 1120 in truly remarkable, 
as decornl)c,sit~iori proceeds very slfnvly below 200 C, 
ant1 becomes rn:l,rk(~tl only above 250 C. The reaction 
s(l(ms to give a mixture of sulfur Lctrafluoride and 
sulfur hexafluori(lc. The same dccompoeition is 
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brought about by contact with animal tissues, vege- 
table oils, or charcoal. Since in each case the reaction 
procc~& to only a slight ext,cnt, it is supposed that 
it iscatalytic and that the catalyst is rcadilypoisoned. 
Early in the investigation it, was hoped that the dc- 
composition on churooal in t>he gas mask canister 
might prove to bc valuable in warfare, as the result- 
ing gases arc extremely irritating and might cause the 
removal of the mask during a gas att>ack. JIowcver, 
the reaction products other t,han SF6 (which is harm- 
less) are rctaincd hy absorbents. 

The thmwmIynamic properties of 1120 have been 
investigated tl~orouglily,13 an,d numerous reactions 
of the sulfur fluorides have been predictled. 

t)y visual trouble. These effects last for several hours. 
These observations indicate that substances of this 
class might bc of military value, and investigations 
wwc started independently in the United States, in 
England, and (as found out later) in Germany. New 
methods of preparation were dcvcloped, and several 
esters were prepared and studied. The work of the 
American investigators was finally set aside in favor 
of more pressing investigations. The Ruorophosphates 
&ow such sufficient, promise:, however, that they 
should be investigat,c:d furthor. It is quite possible 
that esters not yet: prepared will be found to be mom 
toxic than any which have been stutlicd. 

Ctmnical Detection of S,F,, 
3!).3.1 

392.3 
Preparation 

The fad that, 82FI0 liberetcs iodinc: from a solution 
of potassium iodide or sodium iodide in acetonn has 
hecn math: the basis of a quantitative test for tlct,cr- 
mining S2F1” in air. I4 The liberated iodine can hc de- 
termiried calorimetrically or by titjration wiLh thio- 
enlfatc, and the fluoride can t)c determined gravi- 
metrically by precipitat,ion with triphenyl tin chlo- 
ride.15 Obviously, any other oxidizing agcntx which 
may bo present, in the gas under analysis will also 
liberat>c: iodine. It was shown, however, that the 
other substances, which might, logically I,(: present, in 
SzTc,, from shell explosions, cit,her do not interfcrc 
in this analysis or can be removntl readily before 
analysis. Those substances include NC)z, NzO, 
SOzVz, Sl?F, and SP,. The reaction of I 120 with iodide 
is evident,ly complex, and conditions must be co11- 
trolled carefully if consistent results arc to be ob- 
t,ainetl. For example, if the iotlidc-acet,nno solution 
contains mater, the amount of iodine libnrated is low. 
At the same time, however, a roughly equivalent 
quantity of acid is formed. Apparently, thero are 
competing reactims, one of which liberates iodine, 
while another libarates hydrogen ion. 

SzFlo can be detectotl qualit,at,ively through it,s 
reaction with p-phenylcnediamine. A piece of paper, 
wet, with a solution of the amine in acetone, is ex- 
posed to the atmosphere under investigation. A pink 
color indicates the presence of S,l{‘,+ As littlc as 
0. I rg of I120 can bc detected. 

Lange’s method of preparation consisted of: 
1. The: preparation of ammonium fluorophosphate 

by fusion of phosphorus pcntoxide with ammonium 
fluoride; 

P,O, + 3NIIJ”+NIT~HPO:<F + NH,POzF‘, + NH,. 

2. Conversion of the ammonium salt, to the silver 
salt by metathesis with silver nitrate. 

3. Alkylntion of the: silver salt, with an alkyl iodide. 
He reportjot an overall yield of itbout 12%. 

Several more tlircct methods at, once suggest 
themselves: 

1. Reaction of alcohol with phosphorus oxychlo- 
rid! 

2R,OH + POCla 4 (lW)~POCl + 2IICl 

followed hy fluorination of the product. 
2. Partial fluorination of phosphorus oxychloride, 

followed by alkylat,ion with the appropriate zlcohol, 

POCla + HF + POC12F + HCl, 
POC1,11’ + 2ROH + (RO)&‘OF + 2HC:l. 

3. Preparation of al kyl phosphitcs, followed by 
oxidation and fluorination, 

PC& + 3ROH ---+ P(OR), + 3HCl 
P(OR.)z + Cl, * (RO),POCl + RCI. 

4. Preparation of monofluorophosphoric acid, fol- 
lowed 1)~ esterification with olefines, alcohols, or 
ethers, 

PzO, + 3HF + JI2P03F + I-TP&Fa. 
w.:< Dl ALKYJ,MC)NOFLUOROPHOSPH.ATES Method 1 proved t,o be a successful procc:es for the 

J~inlkyl~nonofluorophosphatcc: were first prepared preparation of the lower homologs.lp For example, 
by Lange ‘li who reporled that inhalation of even phosphorus oxychloride reacts $ctically yuanti- 
mimtte quantities produces severe hedache, followed tatively with two moles of methyl ulcohol, yielding a 
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mixture of CX130P0C12, (CH&)~POCl and (CH,O),P. Toxicity tests ir$icatcd that ethyl fluorophosphxt,c 
After removal of the hydrogen chloritlc, the mixture is more valuable from a military point of view than 
can bc fluorinated, and (CH,O),POJ! can be isolated is the m&y1 ester. Since it is desirable to have the 
from the final mixture, the yield being about, 30%). molecular weight of t,he ester as low us possible, at- 

The reaction between phosphorus oxychloride and ttmpts were made to prepare cyc*lir: esters such as 
ethyl alcohol does not, proceed to complete csterifica- C&O 
tion so readily, so that bet& yields (about, 459,) of \ 
the fluorinated prothlct can bc obtained. POP, C.H,‘“‘IYW, 

The preparation of the isopropyl est,cr by the same: / 
‘0’ process, howevc?r, involvc:s peculiar difficulties, for t,hc CH& 

reaction of isopropyl alcohol with phosphorus oxy- 
‘Nld 

0 
chloride yields sovcral unidentified by-products, and 

C H ’ ‘P(jlj’J1 the intermediate diisopropylmonocl~lorophosphatc 6 10 
decomposes when heated in the presence of the? hy- lo/ 
clrogen chloride l)y-product.‘R Neutralization of the 
hydrogen chloride wit,11 dry ammonia gas made the Nom of the expcriment,s attempted wrre successful 
method work&le, however, and some diisopropyl- and the project, had to bc abandoned before its com- 
monofluorophosph,ztc: was obtained in this way. MC- plction. Furthor work would probably lead to sue- 
Combie’s m&hod of preparing this ester’!’ is much cessful synt,hcses. Kthylene glycol reacts with phns- 
more satisfactory, however. This involvce the esteri- phorus oxychloride, but under all conditions tried, 
fication of phosphorus trichloride, l’ollowt~d by oxida- the products obtainctl were polymers. Carrc 22 has 
lion nith chlorine: : reported that glycerine cr-monochlorohydrin rcscts 

3iC,TT,OH + PC& + with phosphorus trichloride to give 

(z’C&C))~FOH + QH,(:l + 2TTCI. C:lCH2 + CXT, - () 

(iCBTT,0)2POT1 + Cl2 -+(GH~O)zPOCl + HC:l. \ 
PCl, 

The fir& of thcsr reactions gives about :I 70% yield, / 
while the second is apparently quantilative. Most, of CH2 - 0 

thr: hydrogen chloride escapes, and the remainder so it is probable that, cyclic esters of pentavalent 
may be dcntroyed by brtbblirq ammonia into the phosphorus may be obtained. Moreover, the com- 
solution. Introduction of hydrogen filmride gives HL~ pound 
ovorull yiR1t-i of C,O(J$) of the monofluolol~hosphdP. (If 
the hydrogen chloride is not completnly tlcstJroyed, C’,JT ‘(‘\ PO( :I 
none of the fluorophosphate is obtained.) It is not, ‘b ‘b/ 
necessary to isolate any of the intermediate products. 

Some of the tliffic~llties encounterad in the prepara- has been obtained.23 Hydrogenation and fluorination 
tion of the isopropyl est,cr :ire evidently due to the of this compound would give the interesting cyclo- 
branching of the chain, for the n,-propyl and n,-butyl hnxanc rnonofluoropl~ospl~atc~. 
cstors can be prepared in the same manner $1~ the Reports from England indicated that cyclohcxyI 
m&y1 and ethyl compounds, though the yield in monofluorophosphate had very desirable properties, 
the case of the n-hutyl cstcr is somewhat lower than and the American militargr authoritics began to re- 
in the other citses. quc:sL samples of it before directions for its preparu- 

In nt,tcmpts to inc:rease the toxicity of tlic fluoro- Lion had been received from England. Accordingly, 
phosphkLtes, chlorine substituted compounds were the preparative methods that had proved successful in 
prepnred.Z0 Et,hyl-p-chloroethyl monofluorophosphate t,he format,ion of the simpler es&s were employed in 
was prepared by the successive reactions of chlorohy- attempts t,o prepan? it. 24 Att,empts were also made to 
thin and ethyl alcohol wjt>h phosphorus oxychloride, reduce t,hc phenyl e&r &alytic:~Jly. None of these 
l’ollowetl by fluorination with sodium fluoride. All methods gave the tlosired product; t,he only success- 
of t>hcsc: reactions procectl smoothly, :md give good ful method devisotl is apparently that, tL?veloped by 
yields. IX-P-chloroethyl monofluoroy~hosphat,e was McCombie and his co-workers in TCr&nd.26 Thin 
obtJainctl in good yield in :.L similar manner. method involves the: reaction of cyclohexyl alcohol 
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wit,h phosplronrs osydiclrlolofluo~i(le to give the d(>- 
sir4 product tlirc:c:t,ly. TTowcvcr, t,he partial fluorina- 
tion of phosphorus oxychloride to l’C)Cl,F is dificultl, 
for oncr: the fluorinalion of t)he phosphorus osycahlo- 
ride st,&s, it, is iliffic:ult~ to stop it short of completje 
replut:cmentj of chlorine by fluorinc~. l’ortunatr:ly, t,he 
boiling point, falls as flrror*inat8ion becomes more com- 
plete, so that if t>he fluorinat,ion,is carried out al llrc 
boiling point of phosphorw oxychloridc, t>hc: phos- 
phorus Oxy(liChlOroflu01‘idl: can be drawn off as it is 
formed, arid some of tlio desired product, obtairmd. 
BooLh and L)ritt,on 2R have obt,ained 40°i; yields of 
POClzF by the rt:act,ion of phosphorus osychloride 
with calcium fluoritlc. Under tbc best, contlit~ioris, t,he 
reaction of boiling phosphorus oxychloridc and hy- 
drogen fluoritlo has been made to give yields of 60%, 
of the dicliloroRuo~id~:.21 

39.3.2 Properties 

The fluorophosphates are wlorless liquids, the 
vapor pressures of which arc only a few rnillimetjers 
of mercury at; room temperature. They are almost 
insoluble in water, and arc att,acked by it only vnry 
slowly, remaining unlrydrolyxed when left in contact, 
with water for many days. l’hey do not att)ack glass 
or stjeel.‘RTlreir odor is fnintj and not unpleasant. ln- 
haling them in minute quantities produces a con- 
striction of t,lie pupils resulting in partial blindness 
which la& for several hours. Tn larger quant,ities, 
they produce headache, convulsions, and death. 

39.4 ALKYLT)TFT~~JOI~Ol’HOSPTTATES 

Tlrr:acl compounds wcrc prepared by fluorination of 
tbo corresponding clrlorophosphates.“8 Although the 
yields are not, good, suficirmt, quantities of material 
were obtained for investigation. The etlryl ester is a 
colorless liquid having a dcnnit,y of about 1.25 and 
boiling al 85 C. It, tlecomposcs slowly above 50 (1, but, 
this may he due t,o reaction with the walls of the 
(glass) vcssc~l rather t,han straight, thermal tlccom- 
position. It is soluble in organic solvorlts and reacts 
vigorously wit,11 \valcr. This is surprising in view of 
the great stability of the monofluoro cstd:rs. 

39.5 A I,K Y I ,MONOFLUI.)HO’I‘I~IOPIIOS- 
PIT ATI3 

These est,ers c:mrrot, be prepared in an :~~rrnlogoua 
m:rnrrer t>o the osy compounds as tlrr rwct~ion of 
t,hiophosphoryl clrloritle and alcohol dors not, proceed 
in t>he desired rriarrrl(~r. Vv%h et,hyl alcohol, ethyl 
chloritk: is produced clu:rsrt~it~nt~ively. TTo~evcr, in the 

presence of pyridine, a small yield of the mono- 
(:lrlorot,hiophos~~lmt~e is obtuirn>tl. This is readily lluo- 
r’inal(~tl.lR The diallryl est>er is a colorless liquid, 
beavicr thnn water, :~kAtl boiling a.l 55 C untlw IO mm 
pressure. It, is extramcly stsblc toward liy(lrolysis. 

39.6 FLIJOT{OSULFONA’I’I~:S 

Hocause of tlic &crest, in fluo~ophos~~li:~,t,es, sonic 
fluorosulfonates wcrc prepared and their properlies 
ntrt~c:tl.~9 I~lrror~osulforric acid was first, prepared by 
Tlmrpc: and Iiermariri s0 who obtained it from tllc 
n&on of liquid hydrogen fluoride upon liquid sulfur 
trioside. Ruti and Bruun n’ reported an almost~ theo- 
ret,&1 yicltl of the acid by t,he reaction of ROO/O oleum 
and fluorspar. The acid can also bc made in theoreti- 
cal yields by the reaction of anhydrous hydrogen 
fluoride and cklorosulfonie acid. 

Moyer and Sclrrarnm BJ prepared esters of fluorosul- 
fonic acid by tlrc reaction of the acid with absolute 
dirthyl ether, ethylone, and tliazomethsnc. The first, 
two of these methods were repeat4 and found to give 
good result,s. Ethyl fluorosulfonatc! is a clear liquid 
having a density of 1.29 at 27 C, and boiling at, I I2 C 
at atmospheric pressure (42.5 ftt 55 mm). It dccom- 
poses upon boiling but is remarkably stablo t,oward 
hydrolytic decomposition, as it is not destroyed by 
reflnxing with 207% sodium hydroxide for 2 hr. It 
dots not fume in air and dots not etch glass notice- 
ably even on standing for soveral wnckn. It is dc- 
xt,royotl, however, by nitric and sulfuric acids. It is 
soluble in the: usual organic solvents. It has the typical 
ester odor, but, is a lachryrnat,or. 

The metlryl ester (from the acid and absolut~o 
dimet,hyl etlrcr) is similar, but is not, so effective a 
laclrrymat~or. At,tempts to prepare tlro isopropyl ostcr 
were unsuccessful; this ester seems to be unstable, 
decomposing upon boiling, cvon in vacua. 

39.7 0’1’1 IER GASES 

Many otllinr inorganic gases were investigated, but, 
norrc of great military intcrcst, was found. A few of 
the more intcr&irig will 1~: rnsntlionctl. 

Phosphorus trifluoride \vas preparcd by the SbC:l, 
c:ltalpzed reac:t,iorr of phosphorrrs trichloride ant1 
arlt~imonv t8rifluoritle.33 It) forms an unstJnble COIIl- 

pl~x, ((.JH 3) aN. l’Fa, t>hrorrglr which it can be purified, 
sint:c: SiV.4 and ot,her impuritic:s do not rcactj with 
trirric:t,liylarnirlc. The phospliorus triflrioride can bc 
simply c-listillcd \vith the cornplrs, or tllc complex Carl 
hc s;ublimsd, and tlicrr decorriposed to yicltl pure 
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phosphorus trifluoride. Thcl matGa#l is probably t800 
volatile to become a useful war gas. (The vywr pres- 
sw(: is 37G mm ~10 - I 1 1.9 C and 18 I mm at - 120.8 C.) 
By combination wit,h trimethylaminc~, PFa can be 
given an effectivt: boiling point of about, 0 C:.X4 

I)imc~t~hylamino~~hosphorusdifluoridr: was prt>pared 
in at:c:ordance with the equation 

2(C:Ha),NTI + l’li’s- 
(CH,),NPF, + (C:H&NH&‘.“3 

It, is a liquid at, ordinary t~emperatnrc~s, boiling at 60 C 

(logl,, P,,,,,, = 7.8133 - Itjl0/2'). 

The compound is not cnt,irely stable, bul at, poem 
t,c~rnpc~r:lt,ure, it caomes t)o cbc(uilibrinm with it,s th>com- 
posiI,ion proclrlct,s when only 4’I/L, decomposition has 
taken place. 

2(CH8),NI’F~ z PI{‘3 + [ (CIIa)aN]21’1~‘. 
This latter compound, 1~istlimelhylamir~o phosphorus 
fluoritlc, ca,n 1~: prepa also by the action of 
dim~t~hylamine upon (CH&NPF2. It, was fo~mtl t>o 
be relutivcly nontosic. 

I)imr:tliylamint) phosphorus difluorido hydrolyzes 
very slowly, so it, was thdught, that it, might penc:t,rate 
into the lmlgs IXOW tlceply than phosphorus trifluo- 
ride it,self. Whether this is true was not dct>erminc:tl; 
the mat,eGttl is not strongly toxic. 

The closely related compound (CH&NI-‘C)Fz was 
prcparecl in an analogous manner anti also by the 
reactions 
PCKla + 2(CII:&NH - (CII,),NPOCl, + 

(CIH,),NII$ 
followed by 
3(CH&NPCXl~ + 2S1#1 --+ 2SbCls 

+ 3(CH&NPOF2 (SbCl, catalyzed). 
This compound is not strikingly toxic. 

Action of dirnethylurnine on rlirnethylamine phos- 
phoryl tlifluoridc yields bistlimetl~ylamine phosphoryl 
fluoride [(CH&N]2l’OF, which is an anulogue of the 
very toxic, uliphatic fluorophosphatcs, and which is 
also toxic (median lethal concentration of 0.095 mg 
per 1 on mice exposed for IO min). This compound can 
also be prepared directsly from phosphoryl fluoride 
and dimethylamine OP from phosphoryl chloride and 
dimethylamine followed l)y fluorination with anti- 
mony fluoride. It, is a liquid boiling at 50 C under a 
pressure? of 2 mm. It is not, readily hydrolyzed by pure 
water, but, is quickly attacked by alkalis. It would 
seem that, this compound, like the analogous fl\loro- 
phosphates, deserves further study. 

Substitution of arsenic for phosphorus in the com- 
pound (CH&NPVz did not, produce a toxic corn- 
pound, aa This subtitance wtbs prep:trcd hy the intr>r:Lc- 
tion of dirnc~tliylamit~e arid arsenic: t,riflrloritlc. 

A small yi&l of 2, 2’, 2” t,rifluoro triethylaminc, 
(JX:,H,) iN, was prepared by a very tedious fluorina- 
tion of the corresponding chloro compound wit>h 
anhydrous silver fluoride. The subslance was tested 
for vcsicant, action, but, the rtrsult,s were negative.“~ 

Nitrogen trifluoritlc, which was report4 by 15uff 
t>o be highly t,oxic, was obtainctl from the elect,rolysis 
of molt~cn ammonium hifluoridc. Aft>er careful pm’i- 
tication, it, was formd to be rcl:.l,tively nontoxic:. The 
sub&ncrs NHlj’;! and NH,V, which hnvp been re- 
ported by Ruff to be cv(‘n tnorc toxic Ihan NV%, 
could not bc obt,ained at, all. 

Acyl chloritles are known to be Toxic, and some of 
them have loud wide IM: n,s war gases. The cor- 
responding fluoritlcs would be expectotl to IX! more 
volatile (ancl hence: less readily adsorbed in :I gas 
rmtsk), less readily tlestroyctl by hytlrolysis, and 
rnorc: toxic. Unfortunately, they hav(: been tlificult 
to prtlpare. During the COIII’BC of t>his work, however, 
a s:ttisfact,ory method was clevclopecl.“G This involves 
the convc:rsion of aryl chlorides Lo the corresponding 
fluoridrs by the action of anhydrous hydrogen ilao- 
ride at suitable temperatures untl pressures. Ths, 
phosgene can he convertctl to COFCl or COV, and 
oxslyl chloridn to oxdyl fluoride. In the formor case, 
complete fluorination can bc avoided by drawing off 
the partially fluorinated product as it is formed. 
Carbonyl chlorofluoride has an odor rofiembling that 
of phosgene, but, t,he two can easily bc distinguished. 
It is readily absorbctl by bases. 

A&no has often bocn suggested as a war gas, but it 
is t,oo volatile to be per&ent and too unstable to bc 
kept for more than a few days. An at,tempt was made 
t,o find a solvent, in which arsine would be stsbilized 
and in which it would have a reasonably low vapor 
pressure.37 The solvents used were thionyl chloride, 
p-ethylnitrobenzenc, I-nitropropane, triethyl borate, 
and tributyl borat,o. In thionyl chloride, arsine dc- 
composts in a few minutes, and in the ot,her solvents, 
within a few hours. In triethyl and tributyl borate, 
the vapor pressure is lowered by as much as 30%, so 
if a stabilizer can be found, t,hese solutions may be of 
value, It should be borne in mind, however, that 
ursine is an cntlothermio compound; if it is to be 
stabilized, it will probably have to be mixed with 
some compound with which it forms a stable bond. 



Chapter 40 

THE PREPARATTON OF F’LUOR.INE 

co.1 INTKODUCTT0N 

T HE ELEMENT FLUORINE TV:ES ffld pI’e~XW:d by 

Mojssan by the &ctrolysis of a solution of 
potassium fluoride in anhydrous hpdrofluoric: Lurid at 
:J,out, -20 C in a plabinum-iri(lium J.J tube. Corro- 
sion was scvcre, and t>hc yield of fluorine wtls small. 
Neverthclcss, modifications of this method have al- 
ways constitlut,ed t,hc: only prac:t,ic:tl met,hod of mak- 
ing fluorine. It, IW frequentlly been suggested t>h:Lt 
fluorides of met,als in their higher valent:c: states might, 
be thermally decomposed to liberate fluorine, but no 
pract,ieal method bused upon this principle has bec~r 
discovered. Tt, is true that somt: metnllia fluorides wn 
be decomposctl with the lil)cration of fluorine (hgFz, 
for cxumple), I-)uL srtch fluoridrs can 1~: prepared only 
by the use of cllemental fluorine. The clement, iti such 
:*. powerful oxidizing agent that, mt:t.uls in union with 
it, are not rcatdily reduced by hcd alone. 

JClect,rolysis of anhydrous fluorides always employs 
mixtures of hydrogen fluoride and alkali metal or 
other mt:t,:tl fluoritlcs. As the proportion of m&l fluo- 
ride is increased, t,lio melting point, of Lhe mixture: 
riscp, necessit,atjng changes in t,he design and opera- 
tion of the cell. Low-t,empc:r,fttu~e operation 1~ 
obvious advant,agc:s, but the: lo~v-t,ernpc.rat~~Iro lwtlix 
:LI’C so rich in h.ytlrogen fluoride t#hat the: vapor pros- 
sure of this c~onntituent, is high. Moreover, corrosion 
of t>hc anodes and the: elect~rolyt~ic: cell is often more 
troul)lesome in thcsa b:lths than in Lhosc operating on 
molten salt mixtures. The best bath will contain a 
low-melting eutectic salt mixture wit,h a small con- 
centration of hydrogen fluoride, the supply of which 
will be replenishrd at frequent intervals or continu- 
ously. Recent tliscoverics ’ at Massachuse3etts Jnsti- 
tute of Technology have shown that :I bath of the 
composition RF + 1.5ITP (whare R is IC containing a 
small perccntugc of Jdi) melts at about 70 C: :& 
serves as an excellent clcctrolyte for the preparation 
of fluorine:. This is perhaps the best method dis- 
covered t,o date. In order to show why this is so, and 
to givt: u basis for furthr~r work, the: use of scvcral 
baths will be described. 

40.2 KATIJY OPER A’I’ I NG AT KC)C)M 
‘1’EMPlI:KATURR 

A cc41 using a t)Llth rich in hydrogc?n fluoride and 
liquid at room t,r:mperat,urc was pat,ent<cd in I936, 
and was restudiotl under 0SRD.l~ a, 4 It was -found to 
be unsuited for large-scale production of Auorinc. At 
the low temperalture employed, hyclrogcn and fluorine 
dissolve in tho plectrolytc, so that each of t,hc c:fIlu- 
euL gases con Lhs an admixture of the other in in mis- 
turc sometirnca rich enough to bc: r:xplosive.X More- 
over, corrosion of the nickel anodes :md t,he walls of 
the: vessel is serious. In one run, for example, 1. g of 
nickel was devoured for csch 2.07 + .02 g of fluorine 
produced. AtLempt,s to decreast: the corrosion by 
varying ttir: current dcnsiby :mtl other opc:rating 
f:~tors WWI’C without, cffect,.h 0thc:r metals wwc tried 
ax anodes in place of nickel, but, the results wre even 
less promising. Gr:lphite anodes are rapidly disintc- 
grated t)v the bath. Some iron from the: wulls of t>hc: 
vessel is also dissolved, arid :t hravy slutlg;c of ferrous 
LUKE nickel fluoritlvs gradually forms in the electro- 
lytc!, HO that the: run evcntutrlly has to bc stoppntl to 
allow cleaning of the cc11.1 These low-tempcmture 
cells sometimes give :I current, eficicncy of SO”/;, when 
the mr1 is first startjod, hut, this goon falls t,o zbout, 
50~s (based on H uorinc: delivered) and t,hen n:msins 
corrstarrt,.7 The yield hased on hydrogen, howcvcr, is 
always about SOO,!O,l the difieroncc indicating the loss 
of fluorine due t,o corrosion. The cells opcrat,e at 7 to 
9 v and 30 amp. Anhydrous hydrogen fluoride is 

added slowly while the cell is in operaCon. Since the 
vapor pressure of hydrogon fluoride over this bath is 

high, rcflux condensers cooled by solid carbon dioxide 
or some other refrigerant must, be provided. 

40.3 KATHS WEKATTNG AT MEl1llJ.M 
‘I’EMPERA’L’U~HES 

Baths approximating the composit,ion ICF .2HF 
and KF.XHJc have been used for many ycsrs. The 
forrncr are opcruted at, 100 to 110 C and the latter at, 
70 t;o 100 C. The cells arc heated by a stcarn jacket 
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0r clc:ctrically, though external llc>alirq is oft,en un- 
ncxx:ssar~y after electrolysis is lxgun. Here again, 
mu& hytlrogrn fluoride escapes as vapor and must 
he rehxed hack into thcl ccl1 or trapped out and rc?- 
plcnisllcd. Corrosion is severe, but not so ficver(: as 
in tllc bath which operat,es at, room tcmperat,ure. 
lhm 7 to 8 It) of fluorine can be protlucc:d for each 
pound of nickel lost, from the anode. Current, cfi- 
ciency based on fluorine> oftcxi goes as hi& as 70 to 
7.5(!& Certain types of c:arGon and gr:tphit,r can ho 
used as anode materials, t,llough it is difficult, to prc- 
diet how well a given sample of carbon will with- 
stand the: attack of t,he bath. Ungrnphitixed c:trl)on 
is ordinarily betker than ~r:tpliitc:.ti Corrosion of tllc 
vcsscl is :1.1x0 much less marked than with the more 
a,cGtl l)atlis. While low-silicon st,cx?l can he IHX~, 
and r~sidly is, copper or aoppc:r-plat,ed steel is 
superior. This rnc:thotl of preparing fluorine has been 
fairly satislacl,ory in commercial IIHC. With good 
carbon anodes, c:llrrc:nt, efficiencies atl’p miich higher 
than with nickel anodes, sometimes being better 
t>hnn 90(x). The major prol)lcm in the opc:rut,ion of 
this met,hotl is the swelling and disintegration of t,he 
(xrl~ori anodes at their point of union with the anode 
holders. A careful stlldy of this has heen made,R and 
it, ha,s t)et!n shown that corrosion is minimiatxl if t>he 
carhori-metal bond is below the surface of 111~: t)e.th. 
Magnrsium, lmus, and copper arc the best m&Is lo 
use for r+x:trotic holders, whereas aluminum, nickel, 
and Mont:1 arc badly attlackcd. ‘l’hn destruction 
of the rmion hctwcxn t<he carbon ant1 t,he metal c:m 
1)~ minimized 1)~ thch USC of colloidal graphit,c (A qlrn.- 
dug) as N joint con~poud 1 xtween t,he metal and cw- 
bon surfnces.G Annthcr method of handling Iho prob- 
Icm is to run the rarbon anode through the cover of 
tlic cell, making tlic carbon-metal connection out,side 
of t11c: wll. 

Tllc :bddit>ion of a few per cent of lithium fluoride> 
t,ends to lower tllc rnclting point of tllc l)at,h, so t,hat 
t>he hydrogen fluoritlc cont>ent, can he cut without 
having to raise the opc:rat>ing temperalurc. Such a 
bat11 rnight have the composi&n 82.7’& I<IIF2, 3Oh 
LiF, 14.S”j;, HI?, which approsirnat,es the formlIla 
KF + 1.5H 1’. This composition is maintained by dir& 
addition of hydrogen fluoride while the cell is in 
operation. Because of its lower hydrogen fluoride 
content, this bath corrodes the: vcssc:l less than the 
low-t,crripcrature bath, so that &cl vc:ssels are quite 
acccpt,ahh:. Wit,11 copper-lined cells, the bath remains 
nearly frcx of corrosion products. This bath also has 
ttic advmtagos of being nonliygrosc:opic: and of show- 

ing a much lower vapor pressure than the low-tem- 
perature bath. Nickel clcctrotles cannot hc used, 
however, as the metal is dcstroyctl rapidly and Ii tt,lc 
fluorine is formed.? Carl~on, on t,lIc: other hand, is 
attacked hardly at all. At, hi&urrent densitics, 
pobnrixntion set,s in, seriously int>erfering with tlic 
production of flmorinc. Tllis phenomenon will t)(! 
discussed later. When the cell is operating properly, 
cllrrcnt &iciencies of 95 to 9S0Aj can be obtained. 
Two such cells ran unattended (on a reduced am- 
pcr:tlr;c:) for 72 hr without, any trouhlc.!’ 

Cells operating at 130 to 150 C, but still using a 
bath 01 the gcncral composition RF. 1 .SIIF, can 1~: 
prepared by using Sfi.Soi: IiHl~‘~, 1,1.4% NaF, and 
l&7(, TTF. This seems t,o of&r no advantage over the 
bath cont#aining lithillrn fluoride, and the cell car- 
rosion is much w01~e.~ 

MJ.1, BATHS Ol’l~: KAY’ I NG AT HIGH 
TE.Ml’EKh’l’U K I?+ 

Baths of’ the composition Ml!+ HE’ can he electro- 
lyzctl at, 250 C or higher, and llavr heen widely used. 
This method of making Fluorine is nearly as successful 
as that operat#ing in lbe neighborhood of 100 C.” The 
cell must, bo heated t#o the required tompcraturc: by 
gas or ckctricity, but additional healing is riot re- 
q&xl while electrolysis is under way. The cell must 
lx: of coppr:r or Monel rat,her than 01 steel, and tllc! 
anodes arc of graphit,e or graphitixed carbon. Sludge: 
lormation is sliplit,, ant1 current, efficiencies are over 
90(%;‘,. TTowever, the composition of the bath must, be 
carefully controlled. 

T%aths containing no hydrogen fluoritlo have re- 
ccivctl some attention, but none liuvc 1xx:ri found 
which can be electlrolyzed to give nuorinc: at) tem- 
pc:r:~turc:s as 101~ as 300 C, which seems to 1)~ the 
upper limit for operation with carbon in contact with 
fluorine.” Mixtures of poL:r.ssium fluoride and lit,hium 
fluoride with the fluoritlrs of antimony, zinc, lead, 
and cadmium have been studiotl.“~ 7 This method 
l~oltls promise, and further study 01” it should bc 
IIlftdC. 

40 .s POT,ARTZATION AND THE 
ANODE EFFECT 

When a ccl1 with a carbon anode is operated at a 
high currant density, ~‘olari~alion sometimes takes 
place. ‘l’lio volt,age rises, often t)o 50 or 100 v, and the 
amount of current passing t>hrough the cell falls. 
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While the cell is operating at the higher volt:~gn, no 
fluorine is formed, but the: :tnode is attnckctl will1 the 
form:ttion of carbon fluorides. This phenomc:non of 
polarization is not clearly understood, and it, cannot~ 
bt! produced at, will.‘” Somc:timcs, but, not, always, it 
disappears spontaneously. II it does not,, it can 
usually he overcome by rtwxting to certain prttctical 
and empirical remedies. These inch& lm&ing tht: 
current,, short circuiting the cell, or reversing the: 
cl went, momentarily. Sometimes the: polnrizution dis- 
appwrs if t,he nnotlc is connwtotl to the cell wall for 
nri instant, or if :tlternntirig current is superimposed 
upon the diwd current I-&g used for elwLrolysis. 
The use 01 tlircct, current from :I rectifier is 1ic:lplul. 
While the co11 ifi polarized, tlic anode is cnvcloped in 
:t multitude of tiny sp:Lrk~.1° It has oftw lIeen sug- 
gested t,h:lt polwiz,2tion is due to impurities in the 
electrolytn, but it has Iwon demonstrntrtd that, small 
quantities of sulfuric acid and of waler do not, pro- 
duce wvcrx: polnrizatit)n. K Samplw of anodes whic:h 
have: ~mdcrgone polarization hnvc: not been tl~mon- 
stratcd to contnin any impuritiw that are riot found 
in anotlcr;: which have functiorwd without polar&- 
Con. Yet the phenomenon seems to be inherent in the 
nnturt: of the nnodc used. One: cxumple has lwon re- 

port,ed ” of LL carbm rod which bcxarnr: polarized rt?- 
peatedly. None of the usual mc:t,hotls 01” breaking the 
polarization was cffcctive for rnorc than a few min- 
utes. Even baking, scraping, and wttshing hntl no 
effect, in tlccreasirig the tendency of this sample to 
polarize. 

Cnrhn anodw do not, scxm to be wet, by tl-lc: Illto- 
ritlc clrctrolytt:. As electrolyt-;is proceeds, tllc: surfsce 
of the :tnotio ol%en becomes glossy anti incxwtses in 

hardness. The: nature of this glaze is not, known, but 
iL does riot seem to lw Lhe cause of tlw snode efSx:t, 
for highly glazed c:lw:trodes c;omc:timcs function pc:r- 

fectly. ‘l’lic most, logicztl esplsn:~~tion of the polwiza- 
tion ef%:c:t is thatj the electrode is ~urrounc-led by :I 

thin but impervious gas film, wliic:li adheres tigliLly.lu 
There: is some widence that tlw presence of litllium 
fluoride in the: c:lwtrolyto CRII~~ t,hc liquid to wet t,he 
nriodc and also prevents poltwizrttion.‘~ 

AlLhough the problems of corrosion and of polxizn- 
tion OF the cell remnin ~1s troublesome problems, it 
may now be said safely that, the! preparation of 
fluorine on a fairly larac scale is ft!:~siM: and prnctiwl. 
Beverd comp:tnies :-w(: producing fluorine comrnw 
aially, ant1 LLY its use increases, the price may Ml to 
as little as $0.25 to $0.50 a pourld.12 
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THE STABILIZATION OF CYANOGEN CHLORIDE 

T3y A nton B. Burg 

1sl.l 1N’l’KODIJCTTON 

C 

YANOGEN CXiLC)Rl I)F: is one Of the: promising non- 
persistent, gases because it pent!trat,es humidified 

canisters unlcsx they are given special impregnation 
to protect against, this agent. Other advant,ages of 
cyanogcn chloride arc its relatively high boiling point 
(13 C), which makes it easier to load into munitions 
than either cyanogon or phosgene, and it,n nonin-. 
flammability, a great advantage over hydrogen 
cyanide. Tt also persists longer in the neighborhood 
of wet surfaces (e.g., vegetation) than does hydrogen 
cyanide or phosgene. 

The one great disadvantage of cyanogen chloride 
has been it>s instabilit,y. It may have a pronounc:ctl 
tendency to polymerize, often very suddenly and 
with little warning, yielding cyanuric chloride and a 
variety of other solid or liquid polymers as well a8 
degradation products. Large bombs containing this 
agent have: been known to detonatn in normal &or- 
age, t~mply demonstrating the dungcr of st,oring the 
raw commercial product in contacl with steel. Even 
if tlr?t,nrior:lt,icln occurred without explosions, the loss 
of thn cyanogcn chloritlc could not be tolerated. It, 
therefore, was ncccssary to learn as much as possible 
of the conditions undnr which cyanogen chlorida 
would become unsl;uble, and to devise methods of 
preventing troubles arising from its instability, 
preferably without serious altcrat,ion of specifice- 
tions for t,he munitions deet~incd to contain the 
material. 

Previous t80 World War II, very little was known 
of such matters. The only dc:finit~ely recognized 
catalyst, for t,he degradation process was hydrogen 
chloride, and by infcroncc, ot>her acids also wcrc IX:- 
gardcd as harmful. No v(>ry effective stabilizer had 
been recognized. It, W:LB known to W~wtz l that, 
chlorine causes polyrnc~rizutjion of cyanogen cliloridc 
to the trimer, cyanurio chloritlo, provided that water 
and TTCN are present as impurities. According to 
dennings and Scott,” this effect, could be understood 
as due to the formation of HCI, which Chattaway 
and Wadmore had recognizctl an :L more direct, cata- 
lyst, for the polymerization proc~ss.~ Various authors 
differ on the question of whcthcr HCl would cause 

explosions, but it can he argued thal it will do so 
often if the sample is large enough so that, the heats 
of hydrolysis and polymeiization arc not rapidly dis- 
sipated. Price and Green d found thatj the HCl-cata- 
lyzed hydrolysis of cyanogen chloride (to form 
NH&l and COz) proceeds far more rapidly than the 
HCl-catalyzed polyrncrization. There was general 
agreement that purification of cyxnogcn chloride 
improves its stability. 

NDRC work on this problem began in 1942 us a 
supplomcnt, t,o the investigation of al~sorbents.5 The 
preliminary study checked much of the earlier knowl- 
edgo and indicated that the bad effect of IICl or of 
chlorine could be largely overcome by addition of 
magnesium oxi&!. Sodium cyanide was found to be 
harmful, yielding dark nzuZwGc materials. Most of 
t,he tests with common materials wcrc not carried on 
long enough to detent their bad effects, but the main 
inference, that munition storage of cyanogcn chloride 
could be made feasible, was later shown to be sound. 

More detailed stud& were attempted next by rc- 
scarch personnel of the American Cyanamid Cnm- 
pany.” Rlt,hough most of the experiments were somct- 
what lacking in precision, it could be recognized that 
crude cyunogon chloride was far less stable in steel 
containers than in contact only with glass, that 
alkene oxides wcrc not dependable stuhilizers, that 
primary or secondary alcohols and other hydroxyl 
compounds were seriously harmful, and that crude 
cyanogen chloride from the pilot plant would mt!c?t 
the preliminary specification of freedom from dr:- 
terioration during 30 days, even in a steel cont,ainel 
at G5 C. Other conclusions were overthrown by the 
more: *precise and cxtcnsive work which becamc 
possible after the main production Logan in the plant, 
at, AZIML, California.7 

It! was evident that the safe production, handling, 
and long-term storage of militarily ust:ful quantities 
of cyanogcn chloride would require far more det,ailed 
knowledge of its behavior under various conditions 
than the preliminary researches could give. A con- 
siderably cxpantled program of 1eboralor.y research 
therefore was undertaken under a n(?w NDRC con- 
tract 7 in addition to the large-scale testing project 
at Drtgway Proving Ground. The new program in- 
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f:luded nearly 2,000 tests of the stability of cyanogen 
chloritln, varying greatly in purity, with or without, 
various artificial impurities, and in contact, with 
numerous metals or other nolids. Most, of t,his work 

was directed toward recognition of harmful classes 
of substances, toward evaluation of various proposed 
stabilizers, t,oward understanding the process of 
fleterioration, and toward the prediction of normal- 
storago titubility from thf: rf:sults 01 thermally nf:- 
celeratrd t,ests. 

For such purposes, it, was necessary to tlcvf:lop ant1 
llse :L st~~ndardizcd survedZmce test technique, such 
that, all comparable samplf:s would be testfd in LL 

similar mannf:r, simulating munition xt,oragc as 
closely as foaxible. Also, it was necf?ssury to develop 
nrifl use a number of Ilf:w analytical rnotl~ods for 
deWmining water, acidity, soluble arid insolrlhle 
resiflrtes, nrifl numerous floterioratinn profluf:ts and 
int,crmediatcs. The tcclmiques rangf:tl in dificuhy 
from simple titlrations to the use of high-vacuum 
manifolds and lom-t,crnpcrature fractionating col- 
umns. Prof:ise mensurcnnths of physif:al properties 
also were involved. The various rcsidtt;: and con- 
clusions ::lre summarized in this fhpter. 

~>I.z CONI)lTLC)NS AVC’lKTING S’I’AHILI.TY 
OF CYANOGJSN CHLORTT)JS 

The stability of cyanogen chloride depends mark- 
edly upon the pmsonce or absoncc of other suhst>anoos, 
srrch as it mfty mef:t in munitions or rehin 8~ im- 
purities in manufacture, or which may be ntlflfxl for 
definite reasons. Some forf?ign substances strongly 
influence thf: f:ffects of ot,hors, either increasing a bad 
r:ffef:L, or protecting against it. 

4,1.2.1 Substances Specifically H armful 
toward Cyanogen Chloride 7 

The following classes of substances proved so 
destructjive toward cyanogen chloride t,hat thfy must, 
be defiriitcly ttvoided or counterafkcd in munitions in 
which they might, o(:f:ur with it, in long-term skoragc:. 

1. All acids, f:spocially in the presence of wutcr 01 
iron, or both, must be avoifled. Addition of a 3(!& to 
So/;, proportion of concentr:i,Lecl hydrfjc*liloric acid 
usually causf:s explosion. 

2. All hydrogen cornpour& ftre dnrigerr~~s, in- 
cluding hydrocarl>ons, greases, minoral or vegetable 
oils, alcohols, alkene oxidf:s, water, and HCN, which 
sooner or later will react with cyanogcn chloride to 
form IICl, loading to a rapidly accelerating process of 

destruction. Chlorine greatly increasrs the rate of 
this destruction, hut is nearly 1iafmlf:ss towd pure 
f:yanogen chloride. Were it not, t,oo expensive, the 
removal of both ITCN and water from crude cyano- 
gon chloride would be recommended. 

3. Iron, especially as rust or iron salts, accelerates 
the conversion by CN’Cl of HCN 01’ water to IICl. 
Oxidized, sulfitlized, or nitritlizcd coatings proved 
vary bad, but with varinhlc rate of eflect. Ferric 
chloride proved to be ahout as harmful as metallic 
iron, and it, is Gelievctl that some other iron com- 
pound is IJic real catalyst. Iron first removes free 
HCl, which ret)urns aft,cr the iron is well coat>ed. 

4. Cfxhin othnr metals, such as copper, zinc, or 
their alloys, arf: Pspecklly tiostructivf! t,owarfl 
cyanogcn chloritlf: containing either HCN or wat,f:r, 
but tlmy have no had effect upon pure: cyanogcn 
chloride. Aluminum ix &out, as destruct>ivc as iron, 
and Dural is f:vcn more so, causing explosion 01” 
samples as small as 35 g. Tin is mildly harmful. 

5. Cyanides :Ire harmful wtifx1 \Wtf:r is pr’csent, 
ant1 this mf!:bns t,liat, ‘any strfq+bsf: stabilizers 
(ChO, BaO) may he used only wllf:n the cyanogen 
ahloride is low in HCN, or in water, or both. HCN in 
10% proportion has lnfl to dct~onat,ion in munition 
tests at, 66 C. On the othrr hand, IICN has some 

protective! f:Ecct against HCl, throcfgh formation of 
the solid I12C2N,. 3HCl. 

6. (:yLtnuric chloride and such higher polymers as 
C4N4C14 are harrnful toward crude cyanogcn chloride 
through reaction with water to form HCl, or through 
oxidation of iron to form a f:atalyst activating the 
HCN. hnot,hcr reaction product, C211NC14 (always 

formed if there is a source or hydrogen), reacts 
directly with mater or IICN to form HCl, or cvcn 
yields HCl 1)~ itself through Fe-&alyzed decom- 
position. 

7. Ammonium f:hloride, which results from tllc 
dcstruct,iori of water by tlif: f~u:lnLitrtt~ive reaction 
ClCN + 2HzC) = Nl-T~Cl + C:&, l,cc:nmes dispro- 
portionately harmful at tempf:raturf:s dmve 100 C. 
At any tempcratJure, it, is a source: of the very harm- 
ful C2HNC14, hut this f:ffcct is very slow a2t normal 
temperatines. 

41 .2 .2 Substances Jnert toward 
Cyanogen Chloride 7 

CM the various srlbstancf:s produced by CK, relat,c:fl 
to it, or likely tn meet, it, in munitions, the following 
are not harmful. 
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1. Carbon monoxide, carbon dioxide, cyanogen, 
traces of air. 

2. Carbon tetruchloride (a fairly important, by- 
product, of tlcgradntion) . 

3. Dry cyanuric chloride, cyanuric acid, or a&,li 
cyanatcs (a11 in absence of iron or TTCN). 

4. Neut>ral salts (NaCl, CaCI,) become harmless 
as soon as t,he water is gone: (by CICN hydrolysis). In 
soluLion they prom&e corrosion of iron, introduc*ing 
a catalyst, for deterioration. 

5. Silvc:r solder, Monel, and stainless st>eel become 

I 
harmless when t,he cyanogen chloride ix dry. Lead, 
magnesium, anrl m:~nganr:xe a210 qtlite harmless and 
cadmium sct8uully has a slabilizing offecl. Plat,imlm 
and gold are inc:rt. 

6. Pyrex glass, which was rrscd us the container 
material in all texts, was ret:ognizc?d :tti inert, toward 
cyano~~n chloride in t,hat, va&tion of t,he wall-liquid 
ratio did not affect, t,est resrrlts. 

7. Pot>assium dic:hrornat8e (used to induce passivit>y 
of iron munition walls) is nol seriously harmful to- 
ward cy:mogen chloride. The same is t,rue of small 
proport,ions of vapor-phasr: corrosion inhi biters fur- 
nished by the Shell L)evelopment, Company (VPT 220 
and 2(X)\. 

for Cyanogen Chloride 

Many tlifferent substances have been propos~?cl as 
nt~abilizers for cyanogcri chloride and most, of t,heso 
have Iwen t80sted. 

The alkent: oxides were favored at one time 8 he- 
cttuse they sbsorb HCY ant1 water without, converting 
IICN to cyanide, but they proved useful only fol 
especially unstable lots. 7 A norm:&1 lot, of crude 
cyanogen c:hloritle, which will survive surveillance for 
60 clays wit>h iron at 65 C, can only be harmed by 
alkene oxides, which ultlirnately yield far mor(* HCI 
than they ahsorb. 

The dialkyl cyanamidas also seemed very favor&le 
at one time, for they dollbled, triplctl, or quadruplctl 
t)hr: st>ability of ordinary or& cyanogen chloride and 
were eff rdive at, 0.1~~ cox~cerit,ratiori.7 On thn 0thr:r 
hand, t,hey ultimately permitsted acid to develop, and 
bet8tcr st>abilizers were considered desirablr:. 

During the early stages of t#his work, it was as- 
sumed that, no solid stabiliacr would 1)~: acceptable, on 
accormt, of the inconvenience of putting such material 
into munitions. In the absence of any real1.y good 
liquid st,abilizer, however, t&s of solids were initi- 

ated at; the University of Chicago.” Numerous metal 
salts or oxides were tried, and the most, effcc+vt: 
seemed to be those which would be expected t,o re- 
move soluble iron, thus proventing the vary start, of 
the series of reactions whoreby HCN, NH&l, or 
other sourc(:s of hytlrogc:n, yield HCl. Thus, fluorides 
form FcFti- - -, a very stsblc complex ion, and phos- 
phat,es also hold Icrric iron very firmly. 01 all such 
substames tried, sodium pyrophosphute (NadP&, 
dr,y) ,cictmed mos;t spcctjaculrcrly effective, and, in 
fact, a 570 addition of t)his substancae In crutle 
cyanogen chloride preserves it, in rontlat:t, will] iron 
even at 100 C’ for almost indefinitely long perio:is of 
t,i mc 

Experiments wit,11 solid stabilizers wer(: cbarric!ti on 
s,lso at, the IJnivt:rsity of 8out#h:rn California 7 Hncl 
a I; Dugway Proving Ground.” Calcium and barium 
oxides were r?:ject,c:rl OR t>oo likely to cause cbngr:rous 
hoat, effect,s on contact with wet cyanogen chioritle. 
Sotlium hexam ::t1.3pho,ciphate and disodiurn hytlrogc?n 
phosphalc proved t#o be vary good stabilizers but, not, 
so good as soclium ~),yro~)~losl)ll:tt,e. l’otassiuni pyrn- 
phosphnto was tlefi&ely inferior. A 2% proportion 
of Na4PzC)T proved nsefrll bul inadquatc?. A badly 
(e.g., 20(x,) deteoriorat3etl sample can be saved by 
tiitltlilion of Ylj, of Na41’&7. This stsbilizer has not yet 
failed to improve: a sample of c~ganogen chloride, 
although hundreds of varied tests havn been dono. 

Test,ti of sodium fluoride in proportions up t,o 27fi 
indicated that this stahilizcr might bc nearly as cf- 
fcctive as similar proportions of -N::t,1P207, but8 ~~1st~ 
wit,11 .Ys of either st,abilizer at, 100 C show4 NaF 
to he far inferior; especially for saving bad srLmples.7 

41.3 MXHANISM OF 1)ETl3RRIC)K ATlON 7 

It, now szcrns prob:able that the actual catalyst, in 
all inst,unccs of normal dct8eriorat8ion of cyanogen 
chlorida, is h.ydrogen chloride. This acid is always 
ford among the cl~gratlation products, and its con- 
centrat,ion reathes :t maximum when tlw polymeriza- 
tion is happening most rapidly. Its action (:RI~ br: 
understood on t,he basis of an addition compound, 
CICN +IIC:l, in which t#hr: carbon atom is activat,cd 
toward att,ract,ion of the nit,rogen alom of a s~oncl 
CICIN molecule. The l/l acldit,ion compound actrtally 
has been made (at, low partial prossurc) and ohsrtrved 
to decompose into CXN, HCI, and polymer. The 
stabilil;y of such an addition compound may b(! ex- 
perted to decrease with risirlg ternperuturr:, counter- 
act,ing the usual increase of reaction rate with tern- 
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peraturc. This balance of faclors cxpluins an oh- 
Herved slightly negat,.ive effect, of tlernperaturc: upon 

the rate of the H(.11-catalyzed polymerizat,ion. 
The spccifin mechanisms, whereby HCI is form& 

from other hydrog(~n-containing impurities, are oom- 
plex and oftjon obscure, but in general t,crmR, one can 
recognize that cyanogen chloride behaves much like 
chlorine, having a similar oxidation potential, but 
less rapid reactions. Such a clhlorinating e&t, mrtst 
bc responsible for tho forrnat,ion of CsHNC14, a 
slightly volatile liquid which invariably is found 
whenever the debrioratiorr process has occurred with 
the typical sutldon ac.c:c:ler’ation. This substjance cvi- 
dently is not easily formed exc:c?pt by the effect, of :I 
catalyst, such as iron salts. Convarsely, C,HNC$ 
oxidizeti iron more rapidly than CKN d~(:s, and more 
of the iron catalyst thus becomes avsilabh:. l’hp 
C2HNC1, can break dow11 in two ways: by HCl 
outalysia to form C:C.l~ and HCN, or by iron-catalysis 
t(o form HCl and a nonvolatile solid. It also reacts 
with either IICN or water t,o form IICl, and is 
formed, at lcast indirectly, from either HCN or 
water by reaction with cyanogen chloride. Thus, it is 
possible t,hat &HNCrl, is formed and destroyed 
tievera times during the degradation of ryanogen 
chloride. 

Another strong oxidizing agent, renultirrg from t,lre 
self-chlorinating effect of cyanogen chloride,, is the 
nearly nonvolatile liquid C4N4Cl 1 (in early reports 
regarded as an isomer of trimr:ric cyanuric chloritlo). 
‘I’llis tctramw apparently has an open-chain struct,urc 
with a = WI2 unit, at one end and - CN at, the: othc:r*. 
It is very stable, but has enolrgh chlorinating power 
to convert, HCN to HCI irr the presence of an iron 
catalyst. Thus, it is unothcr of the int8ermetliat1es 
rcsponsihlc for the rapid formation of HCl toward the 
end of a long period of storage of cyarrogen chloride. 
Othc:rs may be the loss volatile liqrrids, gums, and 
solids which prolxhly represent longer chains of 
similar structure. 

None of these intermediat,es seems effective: 
against cyanogcn ahloridc unless HCN, water, 01’ 
some hrcaktlown c:at,al.yst also is present. The most 
importjant is C,HNCI 4, which alone: could ac:courrtj for 
the usual rapid ac:celer~utiori of the: polymerization of 
crude c:ynnogcn chloride. When pure ClCN is r~oly- 
mcrized by heating with only a little dry HCI, the 
reaction om~rs vtq smoothly, without, the usual 
acceleration. 

Since iron plays :m important part in both the: 
formation and the harmful effr:ct of the: reaction 

intermediates, the: preventive c:ffect of substjances 
which hold ferric; ion in har+mless combination, such 
as flrroridcs or phosphutcs, is estiily understood. 

Tt appears that the various slow reactions in crude 
cyanogerl chloritlc, leading ultimately to the: forma- 
tion of catalytically important, proportions of HCY 
(and consequent rapid destruction), are governed by 
the usual rule that the rate dorrbles with each tcm- 
pcraturr: rise of 10 degrees C. This rule was veri- 
fied hy the: results of comparative stability tests at 
65 and 100 C, using 122 lots of cyanogcn chloride 
from the plant, at hausa. Other comparative tests at, 
35, 45, 55, and 65 C: also verified the rule. Extensive 
analyses at different, points in the degradation process 
showed that the rc?action mechanisms arr: essentially 
the same at all tr:mpcraturcs below 100 C. On the 
other hand, tests at 125 C doviatocl completclg from 
tha usual tJemper:tture coefficient, for r(‘asorrs which 
arc not, evident. It is also worthy of note that the 
HCI c:ataly& is nearly indc:pentlcnt~ of temperature; 
this reaction it; fast, however, and involves no im- 
p0rtMlt part of the t,ota1 swrveill~xncc time. 

Thus it is possible to predict,, within ahout 2076, 
the time when a given lot, of crude: cyanogen chloride 
will develop enough acidity for rapid (perhaps ex- 
plosive) deterioration, provided one has the resultIs or 

a 65 or 100 Cj iron-contact surveillance: test on the 
same lot. All but, the first 40 lot,s produc:cd at Asrm 
were fairly uniform, and most of this material Stl'jultl 

remain in good corlditiorl without, stabilizers for about, 
three years at normal temperatures (25 C). With 
sodium pyrophosphato it should be sl,nblc for more: 
lhan a hundred years, 

41 .5 ANALYTICAL ME’l’lTOL)S FOR 
CYA NOGl+:N CHLOKIDE 

A\1 .5.1 Acidity 
DetVcrminat,ion of acid in c*yanogen chloride by 

titration in aqueous solrttion is not very satisfactory 
her:ausc HCl-catalyzed hydrolysis irrcreasos the 
acidity. Rapid withclrawal of the cyanogcn chloride 
from the waler t)y CCL extractions followed by 
titration of the aqueorrs layer, gives far more dc- 
pcndat~le results. u polymer is pr*c:sentl, it is well to 
elirniriate it hy distillation, preferably in va~llo.~ 
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41 .s.2 Water 

Three mcLhods are suitable for dotcrmination of 
wat,er in ryanogen chloride : observation of the tcm- 
perature of cloud disappcui23nce in a well-dried sol- 
vent (correcting for the affect of HC1),7 distillation 
through a weighed PZOs tohe and observing the 
gain in weight,ln ant1 measrrrcment of tho acetylene 
produced by reaction of the sample with calcium 
carbide.’ The first, two methods are suitable only for 
fairly fresh material c:ont,aining no polymer, whereas 
the last method remains accurate until carbon tctra- 
chloride appears, when water would be absent in any 
cast. These methods are dependable only if the 
operating personnc?l is especially trained in their use. 

1.1.5.3 I)egradation Products 

Specific methods for determining the several prod- 
uct,a of deterioration of cyanogen chloride are lacking. 
Onr: can distinguish roughly betweon soluble and in- 
soluble r&dues, lo and the former are well indicated 
by an increase in the density of liquid cyanogen 
rhloridc.7 The absorption spectra of the soluble 

products arc too similar for easy distinction in mix- 
turns. Volatile products, such as CCL, C2HNC14, 
(CN),, HCl, CJO2, and CO, can be separated in the 
high-vacuum m~~nifolcl and recognized by their 
physical propc54ies.5 

41.6 SUMMARY 

Tho chief objection to the use of cynnogen chloride 
as a CJW agent has been its tendency toward ox- 
plosive polymerization. This reaction is now well 
understood as due chiefly to acid catalysis, and tho 
substrtnces which cause this are known. Since it is 
not economical to eliminate the three most common 
sources of trouble, namely, hydrogen cyanide, water, 
and iron, it is well to stabilize the crude product, by 
addition of a substance which works against! both 
iron and acidity. Organic liquid stJabilizers have not 
proved adequate, but cyanogen chloride stabilized by 
sodium pyrophosphate stems to bc permanently de- 
pendable. The stability of the cyanogen chloride 
produced at Azusa is prodictetl to 1)~ maintained for 
about three or four years, without st,abilizers. 



Chapter 42 

STABILIZATION AND FLAME INHIBITION OF HYDROGEN CYANIDE 

By Anton B. Burg 

42.1 INTRODUCTION 

H YDRDGEN CYANIDE has long heel1 knOWr1 as a 
very fast-acting and efficic:nt toxic g:ls, suffi- 

ciently cheap, easy enough to handle in munitions, 
and having adequat,c volatilit,y, for satisfactory utie 
ax a nonpersistent nhcmical w&arc agent. It offers 
the further advantage of fairly cnsy penetration of 
many gas mask c:trrist,ers, without any vary strong 
warning odor. In spite of such favorable plopert,ies, 
this agent has two major disadvantages in thal it is 
occasionally urrxtable arid it is frequwtly destro.yeyetl 
by flame during dispersal from bursting bombs. Tlic 
prol)lem of stabilit,y seorris to have hc:cn fairly ~011 
solved, hut, inflammability remains a major difficulty, 
not, wholly avoidable 1)~ present, rnclhods excac?pL 
under raertain specia,l r:ondition,nR. 

4s2.2 STAHILIZATTON 

The quo&on of tlrc: stlahilitJy of high-pm.it,y hydro- 
gen cyanide was quile serious at one timca, for storage 
of t,liis substance as a liquid in steel c*ont,ainers 
usually rcsultetl in a brown disroloration followed hy 
powerful explosions, destructive of personnel and 
mat6ricl. This trouble hats nearly disappeared as a 
rc?sult of irivrstligntioris of stabilizers during lhe 
period hctwcen world wars. Hotli the tlu l’orit Corn- 
pany and American Cyanamid Company were actlive 
in such research, and more than t,hree thousand com- 
pounds were t,estc?d as stlabilizcrs. As :I result, du Pant 
clrosc: phosphoric: acid, wlric*h works against a tlestlruca- 
t,ivc: accumuIat,ion of basic: rat,alysts for decomposi- 
tion, while Clyerrernid pn+:rred sulfrlr dioxitle for its 
a,ctiorr as hot,11 a,nt,hase and antioxidant. The C%crni- 
(4 Warfare S(xrvire now spccjfies addition of 0.07%, 
HsIQ and 0.25(xj 80z for coml)inetl action. Ac- 
celerated t&S at 65 C! , , ,? , in munilions :It Dugway 
Proving Gro~md, and or1 the lrtborntory st:ule in 
Pyrex tul)c:s with steal inserts (1,~ Nl>BC), have 
shown that it is quita safe to store: the tloul,ly stnbi- 
lixed HCN during long periods of time at, ordinal*y 
t,ernper:rt,rurs. Tests in Pyrex tulles further indicat,e 
t,hat it will be safe to USC contairrcrs matlc of or lined 

with aluminum or copper (hut riot rnagnetiium) for 
HCN containing the stabilizers. 

The glass tube experiments have shown that the 
combination of two stabilizers forHCNreally is hctter 
than either stul)ili.zer alone. Orrc reason rnH y well 
be that due to the protective action of SC&, the steel 
w:& of the cont,ainer t,enti less to deplete the supply 
of phosphoric acid. With phosphoric acid alone, this 
clcpletion rnxy be serious, although occasional re- 
newal of the phosphoric: acid by diiect addition will 
save even very discolored hydrogen cyan&. 

As a result of such studies, personnel at, Dugway 
Proving Ground dcvoloped a teclmiquc for forcing 
phosphoric acid into large (M78 and M79) bombs, as 
an effective means of saving of-color HCN in such 
bombs. 

In relation t.o thr: use of hytlror~arhons in HCN (in 
order to inliihit ignition of the expanding cloud from 
a bomb) tlic: cffccts of 70-octarrc: gasoline, pentaries, 
and hexanes, upon t,he stuhility of HCN, were 
studied.1. -a In glass tubes with steel inserts, HCN 
stabilized 1j.y SO2 and H31’04 survived over a year at 
65 C, with or without the: hydrocarbons. 

lbrther NI)RC studies on the stability of IICN 
included investigation of the effects of various ma- 
tlerials likely t,o be met, ill munitions. I,ead rarhonat,c 
lutirlg pastes have long heen recognized as damaging 
lbo stnbilitly, hrrt a special TiO&usc luting paste 
proved quite harmless. S01vc:11ls HllCh a18 c:c:1, or 
C.&c’14 a180 have no ill effects. ‘I’c:sls in Pyrex tlll)cs in- 
dicated that powdered coppc:r (found in cbapturetl 
Jnp~rrc?sr: frangible g-lass HCN grenades) is a very 
eft’ectivc st,abilizer. Cyarrogen chloride (!&,) is an 
even more effectlive stahilizcr for IICN in contact 
witIt iron in Pyrex tubes, but, k)crornes quite dcstruc- 
tive in proportions above 20(x,. It is t,o he rciteratetl 
tlr:tL these tests wcrc tlorrc: in Pyrex contairrcrs, which 
may not perfectly duplicate actual stc:t:l munitions. 
Tlios, it is possihlc tha 1 stabilizers having only arl 
antibase action will work well against, the alkaline 
c:ffr:ct8 of glass, hut liavo far less effect, against oxitliz- 
ing agents, or that a fitabilizer which works well in a 
steel contairicr will hc far less effective: in the pr(:scrice 
of glass. On the whole, however, it is hclieved that a 



stabilizer may safely be trusted if it works well in ft 
glass tube test, whereas the rejection of a stabi]jzcr 
on the basis of such tests rney not ul ways be final. 

42.3 INYLAMMA~ILTTY OF TTYDRC)Gk::N 
C:YANlnE 

Inflammability was recognized as H major problem 
when ficlt] c:xpcriments on hydrogen c:ynnirle werr: 
attcmptcd a1 I)ugway Proving Ground, ut Bushnell, 
Florida, :tnd in Pnnnms. The cxac:t conditions which 
will lead t,o jtashirq, or ignition, during the bursting 
of the HCN-filled munition. are not, known with an,y 
high degree of certtlinty; jh is known only that some 
HCN munitions arc less likely to flash thtln others, 
but thn t some which arc prosurned xtkfe from flashing, 
ultimn t,ely may perform badly under 11ew &urn- 
Stallct?S. 

The actual mpmner of ignition during u bomb- 
burst, is fairly rlenr : during t,hc first $a~(! of the 
burst, 110 ignition can 0c1ar IJecaIIse t,herc is t,(m little 
air to support cotnl)ustion; then ns the HCN be- 
comes dilutotl wit,h air t)he sm>hll flame of the burster 
sprwd~ through the expunding cloud. Thus, t,hree 
gencrsl approach(!s to the problem are rc~cogniznble: 
(1) the use of coke’ burstcr rherges, which will not, 
ignite! any inflsrnmnblo gas cloud; (2) inrreasing the 
power of th hrIrster to siic~h a21J extent that the tigent 
flies outward nt n rat{? faster t,hctn the flarnc cali 
follow; or (3) adding some substance to the HC:N 
which will &her wholly suppr~s its inflsrnm,zbi]ity 
or so slow the r3tc of flame prop:~gnl,ion that, th(: 
bu&cr flame cannot follow t,he c!xp:tndiag cloud. Tht: 
first twospproaches would have required nt!w specificft- 
Cons on Iwrstere, :ud .‘I groat deal of field work which 
could hardly be :~crnrnplishcd during t,hc: rclativc!]y 
short, period of our ww effort>, The third npprotich 
was the subject of much laboratory Ltnd field work, 
IcLbding t)o sornc: improvrmevt over the original ritua- 
t,ion. 

42 .I< LABORATC)KY STUDY OF FLAME 
TNHTBITOKS 

The! lal~oratory work was stttrted on the assump- 

tion th::kt, the burning of HCN in air might involve a 
frc!e-rstlical chain mechnnjsm, which migh 1, be yup- 
pressfd by addition of some otlicr snbstitnce capable 
of capturing the rwdicals and breaking the chain re- 

action. A nurnbor of additives actually do lower the 
upper conrcn trtltion lirnit of inflammability, rind 
some quite speerifical1.y d(?cretise the rat,e iit which the 
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flame travels through the HCN-air mixture. Such 
effects, however, seem not to ba correlated with any 
tendency of the! additives to crbpture fret! radicals. 
Thus CC&, C&l,, C$HCl,, ClCN, AxCl,, SOa, WC:],, 
water, CXI~Sr, propylene oxide, cyclohcxane, tetra- 
met,hyl lead, methyl formute, acetaldehydc, rind 
methanol, used in proportions of 0.1 to 12 mo]e per 
cent, c!ither have? no notiraeable cffecat, or ,zt*t~zully in- 

metwe the violence of HCN explosions. Some hydro- 
c:~rbons compete with HCN for rea&on with ox&ygen, 
thereby lowering the upper limit of infl:~rnma]~ility. 
l&my of these also decrease the late of flame trxvc] 
coven at, medium aoncc!nt,rat,ions of RC:N in air, 

The failure of seveml typical chain-brnsking sub- 
stunrcs to inhibit, the HCN-stir explosion Icads t,o 
doubt, of thr: fme-radical hypothesis. This doubt, 
seems entirely justific?tl in view of other cxpcrirnents 
designed to test t,he free-radical rncchanisnm. lin- 
like most chain reactions, the HCN-air flush shows 
but little dcpentlence upon pr’essurc: or upon surf:ice 
nr~. I’hot,ochomjcal activstion, at temperatures 
just b&w the flash point, also s(:ems to be ineffective; 
apparently Huch free radicals as muy be lorrnet] arz 
not able t,o initiate uny c~h,zin reaction. 

ItI ciefnull of t,he free-radical hypothesis, or any 

other evident SOIII’C~ of undcrstsnding of the fltlme 
reactsion, furt,her hiboratory work becomes empirical. 
Mild inhibiting effects were observed :Lft(?r addition 
of :icet,one, ethyl ether, rncthyl cyalopenf,>~ne, ethyl- 
em, 1,2-di bromot:t,hane, methyl chloride, methyl 
jodidc, cftrbon djsulfide, benzene, ryclopentanc, 01 
proptme. Muc:h more c:ffect,ive were hydrogen selenitle 
arid mixtures or single isomers of Lmlyleur~, pcnt,ane, 
Iiexane, or lieptane. These usu:tllp lowered the 1q)pc7 
limit of ir&mimabi]ity far more than in proportion 
to the timoun t ~iclct]. Inst,t:ad of the usual sharp ex-, 
plosion of HCN in air, the re,zct,ion was slowed down 

to an ol)derv:lblc flitme front, moving ns slowly 8s, 
2 flJS iI1 SOITle C’RNCS. 

AA ~1 rc:sul(, of the visual evidence? that hydroc::ir- 
bans in the light,-gasoline: range serve both to lower 
the upper limit, of~inflamma]~ilitp of IIC:N in uir rind 
to decrease the r>.ite of travel of t,he flamo through 
the IICN-ti,ir mixture, field tests of the cffec t,s of SIICI~ 

hytlroc*:lrbons in &ual bombs were: undertaken at 
1hgw~l-y Proving Ground. M47A2 bombs wr:re chosen 
for these tests because of the earlier experience tll,zt, 
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about 350/, of all such bombs would Ilash the HCN 
during dispersal. The: tests were quite succ(xssful, in 
that 39 M4782 bombs, which werr: filled wit,h ordi- 
nary stabilized HCN and 3 or 5% of isopentanc, 
neohexanr:, 2-methylbut~cne-2, mixed amylenes, or 
7t.boctane gwoline, were: exploded wit,hout flash, 
while three of the eight control-test bombs (without 
hydrocarbon) ignited the HCN in a great blaze. One 
hydrocarl,on-tr~~ated bomb did flash, but this was a 
case of low-order bursting, in whic~h only the upper 
half of the born\) was open&. A pool of liquid HCN 
remained in the lower half and was ignited. This case 
serves to emphasize that hydrocarbons art: useful 
ff ash inhibitors only for normally bursting bornbn. 
They will not prevent ignition 01 a stationary pool 01 
slowly expsnding cloud of HCN. 

The extent to which hydrocarbons will inhihit 
flashing of IIClN in larger bombs remains uncertain 
after t&t; by the Dugway Mobile Unit at Bushnell, 
$‘lorida. Some: M79 bombs flashed in spite of added 
gasoline, but adequate control comparisons were 
lacking. Another dificulty was that t)he miscibility 
of the gasolinr: in IICN watt limited to #j$, and this 
small proportion might not lye wry affective. Hexanc 
iH far more miscible (4 to 7’5,, depending upon tem- 
pcrature), but, pentane is preferred because it is still 
more HO (6 to 11%). Proper field testing of the effect 
of 5 to 10% pentane in largr: HCN bombs is a matter 
for further recommendation. This could noti bo done 
at Dugway Proving Ground, ht:causc t,he large homhs 
seldom flash at, that altitude, but, such t&s, with 
proper’ controls, should be feasible at SOB level. 
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WIND-TUNNEL STUDIES OF FOG DISPERSAL, GAS DIFFUSION, 
AND FLOW OVER MOUNTAINOUS TERRAIN 

By Hunter Roux 

4:1..1 1 N ‘I’KOL)UCTION 

P ROIJLtiMS OF FLUID MO’I’LON Whidl L1lY: tO0 COfnpleX 

for analytical solution and too oxtcnsive for full- 
scale invt?xtigation are, in such fields as aeronautics 
and h.ydraulics, generally handled 1);~ means of tests 
on scale models. Once tlin conditions essential to 
dynamic sirnilarit,y between rnodcl and prototype 
have been established, such model tests are certain to 
rc:sult in a tremendoufi saving in t,irne and expense, 
for the variables may he c:or~trollcd wit,h laboratory 
precision over BR grfut u rung fts desired, ad cx- 

ploratory measurcrncnts convertible to full-scale 
conditions may rapidly be made for any arbitrary 
combination of va riablcs. 

Three t>ypes of problem in fluid motion posed by 
the Armed Borviccs of World War TI wcrc of a nature 
which rc:c:ornrnended use of the model technique yet 
difforcd sufficiently from standard practice to require 
the dovcloprncnt of new facilities and new methods of 
tosting. ilcparation of a low-velocity wind tunnel 
for this purpose is descrihod heroin, and details arc 
given of the experimental apparatus and the gcncral 
rnetJhods of measurement and evaluation of results. 
Use of the test, facilities in determining heat, rcquire- 
ments for the burner method of fog dispenral, as re- 
quested hy the Navy Bureau of Aeronautics, is dis- 
cussed, and a gcnoralized analysis of hcnt-diffusion 
measurcmr!nt,s is presented and applied to a specific in- 
stallation in the: hloutians. The development of high- 
caput:it.y 1~11rnc:rs for cither gasoline or fuel oil is ex- 
plained. Attention is given to the use of both hnatc!d 
wind curtains and wind-curtain-and-burner cornbina- 
tions as means of reducing the waste of fuel charac- 
teristic of the burner method. A detailed analysis is 
also made of the relative! costs of burner and wincl- 
curtain syst,ems. 

Applic&on of the model technique to problems of 
gas and smoke diffusion for the Chcmicnl Warfare 
8ervice is next, described. Through utie of schematic 
structural forms, it is shown that the oddy patterns 
and the corresponding rates of diffusion in urban 
districts are controlled by the boundary geometry, 

regardless of scale or wind speed, and that the model 
results may therefore 1~: gcncralized. The results of 
t,ests for steady gas release in models of schematic: 
urban districts and typical Japanese cities arc then 
presented in gcncralized form. Thereafter, a means 
of evaluating the concentrations that would bc 
caused by full-scale bursts is indicated from model 
incasurcrnen ts of continuous gas rcloaso. Correlation 
of model tests with field measurcmcnts completes t,he 
discussion of gas diffusion. 

A brief description follows of the model study of 
tcrrajn effect,s upon wind structure, as undertaken 
for the Army Air E‘orccs. The results of exploratory 
measurements of velocity and turbulence tlistribu- 
tion over a model of the Tokyo region are described. 
Preliminary tests upon the influence of vertical dis- 
tortion of the boundary, preparatory to studies of 
w&l patterns over nioclels of Puerto Rico under 
direct, contract with the AAF, are finally intcrprotcd. 

43.2 MODEL TECHNIQUE IN TTTE 
LOW-VELOCITY WIND TUNNEL 

Despite the greet, atlvannerncnts which were made 
in the science of fluid motion between World We#rs I 
and II, only a few flow problcrns of technical im- 
portance became subjf:ct to complete analytical solu- 
tion. On t,he other hand, application of similitude 
principles known long before World War I progreeecd 
to such an extent that c:vc:ry new airplane, projectile, 
and battleship was finally designed on the basis of 
scale-rnodcl investigations in the wind tunnel, water 
tunnel, or towing tank. 

The similitude principles in qucstjon stem from 
three fundamental relationships of fluid mechanics. 
For a given geometrical form of the flow boundary, 
the pattern of motion (and hence the distribut,ion of 
pressure, velocity, and t&ulence) is known to be a 
unique function of three: dimensionless puramctcrs 
called the Kroude number, thn Reynolds number, and 
t,he Mach number. The Froude number is a meesurc 
of gravitational influcncc upon the flow; it has the 
form V/~/LA~/~, in which V is a velocity, I, a length, 

621 
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Py a difference in specific wdght, and p a density. 
The Reynolds number is a. measure of viscous influ- 
ence upon the flow; it has thcl form VLp/p, in which 
p is a viscosity and V, L, and p have the same sig- 
nificance as before. The Mach number is a measure 
of elastic effects; it has the form V’/dE/p, fl being 
the bulk modulus of elasticity. 

As a first approximation, any flow problem may be 
regarded as predominantly gravitational, viscous, or 
elastic*. The flow characteristic under nt,udy should 
then be ohtuinable analytically or cxpcrirncntally 
as a function of the corresponding dirnc:nnionltrss 
paramc?tctr. Since a dimensionless plot of this function 
is not rcstrictcd to ur1.y one scale or fluid, it should be 
equally applicable to model conditions in the labora- 
t,ory and prototype condit,ions in the field. In a word, 
determination of t,h(: function by model tests at once 
makes availablo the rtquiretl characteristics of lull- 
scale design. 

Under many circumstances i 1 is not necessary to 
establish the entire trend of such a func:tionul rcla- 
tionship, particularly if only one spc?c:ific set, of 
prototype! requirements is to be cleterrninc:cl. Sinc*c: 
this set of roquiremcnts automa,tically establishes a 
palticrdar value: of the! P’routle, Reynolds, or Mach 
number, it is mcrcly nccossary to conduct a model 
test at the samt: value of this number t,o yield the 
desired information. 

Inasmuch as gravitational, viscous, and elastic c:f- 
facts in act,uality seldom occur singly, su(:li approxi- 
mations sometimes require further refinement if con- 
sidcrahlc accuracy is t,o be obtained. This is partico- 
larly t,ruc: if gravitational and viscous inflrlenccs arc 
of the sam(: ortlcr of magnitude. Unfort~unately, as 
inspection of lhc Froutle and Reynolds numbers will 
show, it is impossible to secure both viscous and 
gravitational similit,rrdc between model and prot,otype 
if t,he same fluid is used, since one requires an increase 
in velocity, and the ot,her a decrcasc, as ~11~: Iinca 
scab is reduced. 

In spite: of these limitations, the model m&hod of 
analysis provides manifold advantages in the: npprox- 
imatc: solution of such complex phenomena of flow as 
the majority of technical prtNems involve. Since t,he 
time and cxpcnso of a t,c:st, program vary nearly as the 
cube of tha linear sc:&, the economy of small-scale 
tests in rornpurison with full-scale investigations is 
obviously tremendous. In Llic Iat)oratory, moreover, 
the essential variables may be controlled at will, with 
t,he twofold result thal c!xplorattory studies may be 
made over a range that, would he prohibitive in the 

field, and yet any set of conditions may be dupli- 
cated at any time. To off& the ver.y pertinent dis- 
advantage that it is impossible to reproducn in a 
model every single factor that may influence t,he 
prototype phenomenon, one nood only note that the 
possible combinations of such factors are usually so 
vast in number that their systematic field invcstiga- 
tion would likewise be out of the question. 

With the greatly increased complexit,y of present- 
day warfare;it is not surprising that, new problems of 
fluid motion, never before studied at, model scnlo, 
sho~rlcl a&c. Three of these in turn were proposed to 
t#hc Iowa Instit,u te of Hydraulic Rcsoarch of the Sta to 
Univorsily of Iowe: (I) the charat:terist,ics of gas 
diffusion in urban districts; (2) the characterist,ics of 
heat diffusion in fog-dispersal installttt,ions; and (3) 
the charartc?ristic:s of eddy diffusion in winds over 
mountainous terrain. P‘or the firsl; of these experi- 
mental project,s a special low-velocity wind tunnel 
was constructed, togcthcr with the nt:ct!ssar,y meas- 
uring apparatus. The basic PimilaritNy of the second 

and third project,s, howcvcr, permitted much of the: 
snmc: equipment and cxpcrimental technique to 1~: 
rlsc?d. In fact, t,he firsl and third, tlhough differing 
ronsidorat+y in ultiniat,e goals, were almost iclentiral 
in fundtlmental nature; the second differed only to 
the c?xt,cnt, that gravitational effects played the funda- 
rncntal role. 
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test,. Of the second claris, the injectlion oT cal(*irlm 
chloride int,o the air with portal-&~ blowers was tested 
extJensivoly 2 hut not brought into practical npplica- 
tion. The third class; of dispersal mc~thod, however, re- 
ceived steadily increasing attent,ion from 111~ British, 
after it, was dctcrminetl that a ternpcraturc: risr! of 5 
to 7 degrees Fahrcnhcit, would effectively dispel the 
radialion type of fog prevalent, in England. Early 
tc~stt; were made of bllrning coke in long trcncahcs 
bordering the landing strips, but too much t>irnc was 
rcquireti to ignite and control the fires. Fuel oil, in 
turn, proved to yield too smoky a blanket of heated 
air to improve visibility. Ultimately, gasoline was 
found to givt: the desired results, and vary extensive 
systems of prch(?at,ors and burners surrounding the 
field were devised, which would clear a satisfaclory 
zone over the runway in tlic: radiation t,ype of fog 
without, undue loss of time:. These were described in 
a long series of British reports. 

Such English fogs are characterized by rclativoly 
small thickness and near-stagnant air condit,ions. In 
fact, the heated clenrancr: zone? frequent,ly extended 
cn tirely through the fog blanket, while the air flow 
induced try t,he t,hermal currr:nts often resulted in 
loral winds of greater magnitutlc t,htm tJhose accom- 

panying the fog formation. On tlic: ot,lic:r hand, if 
naturd winds of appreciable speed prcvailctl during 
t,he clearance operatJion, the zone of claaranc:c: t,c:ntletl 
to be shifted off the runway in the dowr~whd dirw- 

tion. Since fog formation in the United States and its 
possessions is gc:ric:rally not of t,lic! ratliat,ion type and 
rney be at*c:ompanied by winds of considerable speed, 
the British experience with r,learancc metVhorls was 
not, consiclcrc:d a sufficient, basis for the design of 
American fog-dispersal installations. 

43.3 .l Rumer Studies 

At the request of the Navy B~lrcau of Aeronautics, 
the Iowa Tnstitute undertook in the fall of 1943 the 
det,c:rtnin:~t,ion of heat requirements and propc:r 
burricr location for securing clearance conditions ovel 
rlrnways at various wind speeds. Insltead of assuming 
a particular model scale for wind-tlmnc:l rncasurc- 
merits, an effort was made to analyze c:xpc:rimt:ntully 
t,hc: gcnorul probl(:m of he:lt diffusion from a line 
SOIIM: at right angles to the direction of flow.3 

The floor of tllc: t,unnel test section was suitably 
fireproofed, and a manifold containing a series of 
closely spac:r:d j(:t,s for burning propane gas was built 
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FIGTJHE 7. Cuwes of H vs V for various dishnccs of bat sollrce from runway cerlterlirle (~7’ = 5 F). 

in BCI’OSK the tunnel, Mems were at, hnd of varying 
the wind q)eed, the rate of comhstion, mcl the 
ehvation and longitutlirlal position of u, Ih(:rmorouple 
carriage. Preliminary vcrtirrtl tcrnpcrature traverses 
at, various distsnces from the heat source (Figure 4) 
showed t,hHt the lleatcd zone expanded essen t,i:llly 
linearly wit811 tlistancc: downwind, the rate of expnn- 
siori iricrensing with incrensirlg rate of heat, output, 
:m(l clccrensing wit,11 increasing wind speed. A series 
of vclrtical tempcraturc traverses was then made, 
systc:matically covc:ring t,he available r,zn.ge of wind 
speed, hc,zt outputI, and distance downwind. 

Analysis of the experimental results indicutcd that 
nll temperature traverses, could, as LL c:losc: xpproxi- 
mation, be superpotietl tjo yield a single generalized 
distribution CIWW (Figure 5) if the ordinate and 
absc:iss*. SCB~W, rc:spc:ctivcly, had the form .~lt’+~/x~l~~~ 
sn.d zAT/IF VnJ, in which 

x = tlist:~ncc? downwind, in feet; 
2 = elevution, in fact; 
V = wind spc:c:d, in feet per second ; 
II = mtc: of licrtt output in 13tu per foot, per 

sr!concl; 
AT = temperxturn rise, in degrees Fahrenheit. 
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Although these coordinate parameters are not, fore reprefients a numoricd va111c Cm Idying the ‘np- 
dimensionless, it is t,o he notted t,hat, their product, proximate solution of the: proldcm in question. 
when multiplied by y and c, (the unit weight sntl That, is, 
specific heat of the air), is truly a dimensionless %V ~ quantity. The area of the surface bounded by the H s ATdx = 0.94. 

experimental curve, when multiplied by ycP, there- Hince the procc?ss of tticrmal convection is cs- 
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scnti:tll,y ind(:pc:ndc:nl, of viscous effects :bt, the reln- 
tively high tc:rrll,c!r::tl,rl~,c: diff(~rences studied in t,he 
wind trmnc:l, iherc rtppt::trs no reason to doubt, the 
validit,y of the functJion at protolypc: as wc:ll LLS modal 
scales. In fact, t>he Froucle criterion for similftrity 
(V - LA7’) iti perforce embodied in the gc:ncrftl 
functional relationship. That is, xincc for gcomctrical 
sirnilari ty x/.x must be constantJ, t#lir: ordinate puramc- 
ter indicates thsta il - V:‘, suhstitut,ion of which in 
the abscissa. p>bramet,er yields V2 - TAT. 

IntNerpretation of t,he generalized funclion is as 
follows : T,et, itI he nssumed that irl 2b wind of speed V, 
a given rise in t.emperwture AT is t,o be produced to n 
height, z OWI’ a runw:~g AT wide by :b burner loc,zt,etl 
a tlist~bncc~ 3: upwind from t,he runwa,y centerline. If, 
for simplicity, the act,u:ll function of Figure 5 is 
:bpproxim:btc:d hy the st,might, line 

solution thereof will yield the required heat, output H; 
tnorcovcr, the curve x = f(~) for the corresponding 
values of V, AT, anti II will c?rlc:losc~ the zone through- 
out, which AT is at, least US grout, tbts that, required (tiee 
Figure 6). If it is furtlic?r assumed that, the kmrner 
location is t,he most8 economical for the given wind 
speed (i.e., that, H is >ts low us possible), the high 
point, of the curve 2 = f(x) will c:orrc:spond to the top 
of the clearsn.ce zone. It, follows that, LL change in 
either wind speed for the given l~rlrnc:r location or in 
location for the given wind will result in nsymmetr:) 
of tllo ~WVC if Al’ is to remain constIsnt. As a maltcl 
of fact, a burner properly located for :1 given wintl 
will be inefficiently pieced for :I, wind of any other 
speed, owing to t,he required increase in heat output, 
t,o prodr~c:c: tllc: ncressary coverage in lower or higher 
winds. 

If the temperature rise for c*le:1rance is specified, it 
is possible from the generaliztx~ diagrsm or simplified 
equation to plot, a kbmi1.y of cIIrves of lic?at, reyik- 
rnent,s versus wind speed for u stories of disttbiices from 
burner to runway, as showi~ in P’ignn: 7. 8~~11 :I 
dirtgrnm will then pcrmi ta rapid determination of most1 
c:ffi&rit I)uriic:r Ioration for most frequent, operat,ing 
conditions, nncl lhc hcnt requirements for all other 
wind speeds will hc immcdiatc:ly at hand. However, 
oven cursory iuspc:c+t,ioii of t,he iodividunl curves for 
u given hurnc:r-runway spacing will indicate the tre- 
mondo~~s w:t~t,c of fuel which rkt occur at all wind 
speeds which differ npprcrinhly from that) for which 
t,he (letsign is mtld(:. 

At the: request, of 111~ Army Air Forces, the l3ure:lu 
of hcronautichs of t>ho Navy in 1943-44 inst:blled on 
the i~lnrld of Amc:lli&a in the Aleutklls n burner 
system lx3sec-I esseut,ially upon the I-lritish motliocls. 
This irist,allation wbs found to proviclc stttkfftctory 
cleaixnce at, low-wind speeds, but at mndcratc to 
high speeds tPhe clearance zont? wtts slliftc:d off the 
ruriw::by in t,he downwind tlirection. Wlicn :t similar 
roqucst, w:is made for 811 iristftlltttion on the island of 
Sllcmyrb in 1944, the Towe Inxt,itrlt,c was asked to 
m&o recommentlationfi for hurucr locations and 
cftptkties based upon its previous findings, and upon 
flu&:r stadies on relief mod& of the island. 

After c:nrc:f111 staM,ical evaluation of :Ivailnhls 
weat,lier data,4~ i, it, was dccidcd to adopt the v&o 
V = 20 mph as l,hc maxirmlm for design purposes. 
Since invcstigfttion of c:xist,ing terrain effects upon 
the rate of heat diffusion failed to reveal tiny ap- 
preckble rhange in t,he basic function, this flmction 
was then used to prepare the accompsuying diagram 
(Figure 8) of heat requirements vs wind speed. In 
order t,o clirninate the considerable w&c of fuel 
c::busetl bg use of :1 single burner liiic tit other than the 
de&net1 wind speed, it, WAS recommt:ndrd that the 
following t,hree lines of burners be inslallcd on the 
prevailing windward side: first, >b liuc: having an 
output, of 30 therms per ytl per hr ut, :t distance of 
250 ft, from the runw:-I;Y centerline; second, a GO-therm 
lint: fiO0 ft from the c:c?rlterlinc: ; third, ft Y&therm lino 
1,000 ft, from tllct c:c?ntc?rlinc:. For stagnant or near- 
stagnen(, c:onditions, similnr 30-thrrm burners on 

opposite sides of thr: runwny would provide the 
necessary circulation of hestetl air ov(‘r the landing 
ZOIN:, :.bs in the Hritish installetions. Al wind speeds 
up to 9 mph the windward BO-therm line would lx: 
sufficient, and from 9 t,o 14 mph the 90-therm line 
would be used. For speeds a~ high tbs 20 mph, the BO- 
arid SO-therm lines could be used in pxrnllel. 

)Zs rm3.v he seen from the clisgrarn, fixed-outjputj 
hurnr:i*s would still result, iii an apprc&ble wfistc Of 
fiiel. ‘I‘liis c:ould he greatly reduced, liowcver, tllrougll 
proper control of tlio licttt outpul; in approximate ac- 
cordnnce with the niagni tilde of the: ftct,ual wind 
speed. Tn other words, the series of :Ihrrlpt steps on 
t,he tli:bgr>bm would t,hen be repluced by the lower 
series of curves, which more nearly ~~ppi~oficl~ the 
minimum line. 

Since the n:bpncity of the larger l~ur~wr~s required for 
this inst,allat,ion webs well &ve t,haL of the normal 
Fkitish burner syst,ems, and since lhc Bureau of 
Aeronaut,irs was desirous of having :.I hurrier whkh 
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would operate on fuel oil as well as gasoline, the Iowa 
Institute undertook the development of two types of 
large-capacity burner for this purpose. One of these, 
produced by the I)c!partment, of Mechanical IZn- 
gineering of the Univcrsit,y of Iowa,fi consisted of :1 
rectangular preheater 41 and central jet manifold 
in 6-ft units placed in shallow trenches. Twelve pre- 
heating jets in the l)ottom of t,hc: manifold continu- 
ously vaporized th incoming fuel, which hllrncd with 
a luminous flame from eight main jets along the top. 
The capacity of this fuel-oil burner vCetl from 20 
therms per yd per hr at, 20 psi lint prc!ssurt: to 100 
therms nt 40 psi. 

The burner developed by the Institute 7 conaistod 
of a scrims of liorizontel preheater pipes feeding a 
single jet, rnanifold in the path of the horizon tul flames 
from the jets. This burner had a capacity of 25 to 90 
therms when rising fuel oil, and 2.5 to 120 therms with 
gasoline:, utilizing adjuslablo line pressures varying 
from 30 to 80 psi. In connecl.ion with its develop- 
ment, empirical diagrams (Figure: 9) relating line 
pressure, thermal output, jet spacing, and number of 
pmhcater pipes were prepared. 

Although the Shcmya installation was never undor- 
t,aken, owing to the unexpectedly rapid progross of 
the war wit,h Japan, the several forms of burner were 
tested under field conditions at the Landing Aids 
Experiment Station [LAES] of the Bureau of Acro- 
nautics at Arcata, Cdiforni:b. Financed by the Iowa 
contract, but not supervised by the Institute, was the 
development, 8 of a spring-loaded, high-pressure jet 
which would vwy in outlet area :w well as in velocity 
with change in line pressure. LAES reports on the 
performencc of these burners were not available at 
tha tirnc of writing this report. 

433.2 Wind-Curtain Studies 

In view of the necessarily low efficiency of t,he 
hurrier method of fog dispersal, both Rritish and 
American agencies experimented for several yeers 
with tlic gc:nc?ral scheme of directing preheated air 
over the landing strip by means of 1,lowc:rs. ICnrly 
at,ternpt,s t,o mount lieat,ers and blowers upon t,rucks 
proved impractical, because the great weight, of the 
units deprived them of necessary rnaneuverabilit~y 
except on dry ground. Thereafter, the Iiniversity of 
Illinois investigated, by means of model experiments,! 
the feasibility of forcing heated air through duct,s 
terminatin.g in long slots on each side of the landing 
strip. The vertical curtains of hot air formed by these 
slots induced a downward return flow over the land- 
ing strip at low to motlerutch crosswinds, ttic mixing 
of the heated air in t,he zone of circulation effectively 
raising t,he temperature in the clearance zone hy the 
desired amount. 

In order tn deterrninc: the possibility of using a 
single wind curtain over a considerable range of wind 
speed, the Iowa Institute followed its burner studies 
with a series of wind-tunnel tests of wind-curtain 
c:llaracterixtics.lU Exploratory observations indicated 
that a vertical curtain of air in a crosswind would be 
deflected downwind in such manner (Figure 10) as to 
form a large ground eddy with axis parallel to the 



RXPEHLMENTS ON FOG I)ISPEHSAL 03 I 

VELOCITY DISTRIBUTION 4 

V. IN FPS 

-$ 4 

6 

I- --- 

/ ‘l,,,,,,,,,, ‘,,, 
2 3 

’ ,,,,, “//l////y// ‘Y//y////// ‘f//////T7 
4 5 6 

BURNER LOCATION FOR UNHEATED CURTAIN- 

I TEMPERATURE DISTRIEiUTlON 

0 btO.OOJFT v*f 12OFPS 
0 b=O.O2FT vo’ SOFPS I 

-=f=?OF 1 0 / / 

DISTANCE I FROM SLOT IN FEET 

slot and having a height approximately one-fourth 
as great, as its width. The height, h of this eddy cvi- 
dcntly depended upon the wind spc~:d V, the slot 
width b, and the efflux velocity an. The general re- 
lationship of these variables was then determined 
through systemat,ic variat,ion of all lhrec, the clatJa 
falling upon the empiric~al curve 

h 
-=5 ; 0 

1 .h 

b 

over the maximum available range of varintion. Since 
the phenomenon of air entrainment, hp jet,s is one of 
t,rrrbrrlent rat,her than viscous flow, the relationship 
determined in tJlie wind tunnel is probably sufficiently 
free from scale cffects as to be appli(&le to field as 
well as 1ahorator;v conditions. 

If heated air is forced through such slots, on t,he 
other hand, one must, assume that, a Froude number 
-V/%‘kAT should have the same magnitude in both 

model and prototype if the conditions are t,o be t,ruly 
similar. IIowever, subsequent wind-tunnel tests with 
heated air failed c:omplett:ly to disclose any effect of 
buoyaney upon the eddy form; thermal phenomena, 
in other words, appeared to be entirely secondary to 
t,he incrt,ial rt:ac:tion between t,he jet, and the on- 
coming air. Moreover, the prooec;s of diffusion be- 
twcen the cleflec ted curtfain and t,hc: underlying eddy 
invariably resultNed in a relatively uniform distribu- 
tion of heat from the curtain throughout the under- 
lying eddy, with the result that the heated wind 
c:urt8ain gave promise of being a far more efficient 
method of fog dispersal than the burner. 

Evaluation of the heat requirements for IZ specific 
temperake rise, AT = 5 F, over a lOO-ft zone above 
a runway as a function of wind speed resulted in the 
linear relat#ionship for power vs speed shown in 
Figure 11. The wind-curtain slot is assumed to be 
located 100 X 4/2 = 200 ft, upwind from the runway 



632 WINI)-TU.NNEL STIJDIES 

700 

600 

500 

4oc 

IOC 

C 

I 
\ I 

I 
AT=BF 

RUNWAY WIOfH~200 FT 
CLEARANCE HEIGHT=100 Ff 

MINIMUM HEAT 
FOR BURNER MEtHOD 

WIND - CURTAIN 

IR CURTiIN AND BURNI 

I+ fl 

0 5 IO II I?0 23 

CROSS-WIND VELOCITY IN FPS 

~‘T~:IJHE Il. Ih~el rcqlrircmrnk of wind curtain vfi t)Ilrner. 

centdine, and thr: powr:~ requirementIs include thr: 
cost of fuel for both the hc:at,t:rs and the engines for 
the hlowc:rs. Although Ihc hoat, required remains the 
same, the power requir~cmcnt, is seen t,o vary wit,h thr 
width of curtain slolx. In rbny event, the cost of oper+ 

tion of the wind curtain is found to be only 35’~, of 
the vr:ry minimum for Lh: hurrier under identNical 
wind ctditIions. 
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eddy t,o n desi~tb1.y uniform degree, and evnluatlion 
of teinper:rtlure t,raverses yieltletl the line of heat, re- 
quirernentls shown a~ a broken line in TGgure 11. 
Evidently, a further saving of some 10°jO of burner 
rests can be expected from su~li an srr:jngement. 

Sinre t,he foregoing tests were restricted t,o winds 
at, right, angles t,o runway sntl wind f~urtain, supple- 
mentary stludies were made for other wind orienta- 
tions. Jt ww found t,ll:At, whiln WC of the wind spc:c:d 
itself pieldetl c:ompllt,etl valuc!s of the 0dd.y widlh 
(mc:asl1rc~cl riorrriul to the runw,ay) whirl1 were smaller 
Lhrtn 111osc: I~MA~I.C~, us(: of the normal cornponent~ 
of l,l~ vc>loc*iLy vc:ct,or gave results which were as 
muc:h t 00 I~gc:. l’lic:rc:forr, c:v:tlurtLion of the curt,ain 
volncitic~s for r(:quir~d eddy widths;: could safely be 
lmd ~tpon the burl magnitude of the wind speed 
for arlgl~ ns low as 30’ between wind direction and 
~~r~wa~~ rc:nLcrliue. For winds down the runway, an 
cd curtain extending perhaps 4 times the runw:q~ 
width and having t,wic:e t,he cap&y of the IorgitrA- 
nsl curtains should, in combinntion with both longi- 
t,utlinnl curt,ains, provide Hmpletlit;t,ril)ut,ion.of heat for 
rlearance. Since a curtain woultl 1~ requin:d LLIOU~ 
each sitle of the runway to (:ount~!r winds from any 
tlirection, 3 tloi~Mo c&u&in wo111d thus I)(: :tvrtil&l~ 
for wind speeds approut:liirig z(:ro. 

‘1‘1~ prim:tr:y disadvait,ttgc: of the wind-l:urt,ain in 
c:omparison with the I)urric:r mc:Lliod is the: Actively 
grc:ftt initi:tl c:osl, of 11~: cagincs, Mowers, ant1 ducts 
wllic*ll it rc:quirc:s. Iri tlir: belief that its grent,ereconomy 
of opration might nevertheless offset, this tlisacl- 
vantage, Lhe Iowa Institute undertook the compila- 
t,iori of estimated rests of constru&ng ant1 oper>Lting 
t,he two tj,vpes of fog tlispers:1,1 under i~lent~iatl C’OII- 
tlition.5.” 

Under the TOWI, (~ontr:t(+, IjIlt, ir)tl(:l)c:rldc:rll,l!, of 

Inr;titilt8c: sripc:rvision, an analytical investigatNion I2 
was made of tlic: pohable increase in efficiency of th: 
wintl-c:rirtuiri syxt,c:rri tdirough adaptation of the so- 
mlletl thrust w~p~f~ntor used effectively in jet, pro- 
pillsiou. Alt,liougli test,s were not, made to verify 
Lh(: ftss~rmc:d conversion rb07-8! it, was estIimutecl by 
tllc: investigator that the gain in jet c#ic:ic:rlc~y (and 
licncc: tlic rr:durtion in cost of instillation :trid opr:ra- 
Con) would be some 33’& This would olnhusly 
represent R ronsideralble lowering of t>lic: tirnt: rc:quirc:d 
t,o offset, t,he init,ial cbost, tliroigli r&Live cronomy 0r 

operation. 
At, t,he t,imc of writing Uiis report, t,ent:lt,ive plans 

have been laid for tc?stirig tt scxlion 0r a wind-curtain 
irist~~llation at, Arc:atrt rmdcr r0g conditions. It, iu not, 
known whth sr~lr plans will actually he nnrrietl to 
c:omplet,iori. 

43.4 EXPERTMKNTS ON (:hS L)lYE’USlON 

l‘asts rnttdc in England anti in this r:ountry on 
the WAC of gns diffusion ant1 tlissip:~tlion in spec:ific 
op:n st>ro(:Is, Courts, and l)uiltling~, led tlrc: IJni- 
vorsi(,,y of lllinois in 1942 to propose tb more gcncra,l 
st:ric:s of exploratory measurements upon sc:lic:nirttic* 
strurl,ures from which conclusions co111d 1x: drawn 
whirl1 would not, be restric:tc:d 1,o 11~ particular 
l~oundary forms already invostigetc:il. Although it 
was originally int,c:ricM to pc:r.forni these tests in the 
field at, full S~::l,l(!, in tllc: spriiig Of 1943 ,2 RUbCOTltKNt, 
way writb with 1lic lowa Instit,u te t#o prepare a 
special wind t~uiiii(:l for lnk)oratoqy testIs on model 
st,ru(+,ur(:s, wliic:h was cxpccted to result, in :I great 

saving of tirrrc: srrd expense. The t,unnel coMruc:tc:ti 
for t,llis purpose I was almost immetli:l,tel,y rcxyrrisi- 
tioricd ror t,he fog-dispersal tests :~,lrc~tl,v chuitd, 
lml, the mcaswenients on gas tliffusiori tlisc:ilssc:il in 
Llrr: following pages were r:ontluc:tetl irit,c~l,miLl,c:ntly 
whenever t,he liighf?r priority invcstigabion would 
permit. 

Tn ortlor to for*rnrhLc: :tnd c*lrc:rk tIhe scale relatioll- 
ships which wo11It1 1~: rrsd Lo c:onvcrt, modrl results t)o 
prototype vdi~, :L sc:ric:s of 11ollow crthes was first, 

conntrilc+,ctl lirlvirig dirnc:nsions of 24, 12, 6, 3, arid 
1% in. ‘lhsr: w(:r(: ~)lat:c:d, iri turn, atI the midpoint 
of the tt:sl, st:c*tioii with open side up, and ~;arefully 
fillet1 with ::L known qrmltity of W,. The rnt,e of dis- 
sip:ttiori of ldi(: SO2 in winds of conhint speed w:I,s 
(hc:rl rn~srrr.c:d :zgainst, tirnt: wit,11 a st~andnrd Dickin- 
son rrlc:L~r. 11 was ~0011 noted that t,lle tliffuuion of tlit: 
gas from cvcn tlllc largest cube in the lowest< wind w:ts 
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orientations of wind tlircation. It was found l)ossi hlo 
to reduce all such Ille:l,sllr(‘Illent,s t)o a series of reltl- 
tivt: conncntration contours superposed upon t,he plan 
view of the bloc:k arrangement, the contours having 
geometrically progressive values of the dimensionloss 
parameter cvOh2/Q. I%: fact, that, these contours wr:re 
independent, of wind spocd and ritl#c of gas release in- 
dicat,ccl th:~t, they should also br: intlepondent, of scale 
as in the case of the earlier experimonts with single 
structures. Although the Hchematir: nature: and ar- 
rangcment, of the structures limited the direct uso- 
fulncss of the: Lest results in forct,elling field conditions 
for specific: urban dist,ricts, nevert,lic:less they revealed 
:I very pronounced rat,c of vertical diffllsion with 
distance downwind which should rapidly reduce the 
gas conconlration at st,n:c:L level in any urban area. 

In ordar to apply the foregoing method to the in- 
vestigation of diffusion. untlcr urban conditions of 
specific int,erest, photographs of a sericx of Japanese 
cities were carefully studied, and a series of typical 
buil+g propnrtiont; were formulated thert:from.‘4 
Thea~ building types were thc:n reproduced at, a scale 
of l/72 in multiple units of Frlch number (some: 1,000 
in all) as to pave the entire trmnel floor with the serieti 
of repeating c*ity blocks shown in Vigurc 12. instead 
of releasing the: gas from a point source as in the fore- 
going t&s, lateral manifoldti were prepared which 

would simulate the initial p~~~:akc widths of bursts 
from 500- and 1,OWlb bombs at street level, either 
centcrctl on one of t,hc intersections or mid way bc- 
twcen two interscclions;. Concentration traverses, 
made in the same manner as in the case of the cubes, 
rcsultetl in dimensionless contour plots such as that, 
reproduced in Figure 13, the: length L of the model 
and prototype foot being used intitoncl of a building 
height, h as the characteristic linear dimension in 
the quantity N = Q/V&~. 

As shown by this plot, the vertical diffusion is 
relatively great, while. the lateral spread is quitr 
limited. Tn other words, bursts would have to be 
clost:ly spaced both laterally and longitudinally to 
result in a reasonably high concentration. To check 
the: principle of contour superposition for the deter- 
mination of the rccluired spacing, the result,a obtained 
from runs with the two release manifolds placed ap- 
proximately end to end, and then individually in the 
same positions, were compared. As may be seen from 

Figure 14 for a typic>\ 1 lateral s&ion, the sum of the 
concentrations for the individual runs is very nearly 
ident,ic:al wit,!1 the distribution for the combined run, 
indicating that Grnple addition of superposed contour 
values will pcrrnit determination of thn required 
bomb spacing for any dosired minimum concentra- 
tion . 
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prepttratjiori of a 400-ft reel of l&mm motion picturox Iti 
intcndcrl for training purpostt~ by t,he CWS. This filrn 
illustrated tt-io following pbonomena by means of 
smoke and speci:jlly prepared models: the relat,ive 
rates of smoke or gas diffusion rmdw neutral, lapse, 
and inversion con&ions; the cffcr:t, upon diffusion of 
boundary roughness surh as rocks or shrubbery ; the 
effect of orc:harti and forest growtl~ upon smoke or gas 
released r~pwind from and within tlic: wooded section ; 
eddy forms prodricod hy screens, walls, arid individual 
buildings ; alid, finally, the influcncc: of building 
clusters. ‘Hit: film was originally sulm~itt~etl with 
tlnsc7$&ive ti t,les, with the mu-ierst,ancling t,tiat, a 
sound film wit,h running c*ommcnts was to be prrparcd 
t8herPfrom hy the CWS. 

43.5 EXPERTMENTS ON WI.ND FLOW 

At, the request of tlic: Weather Division of the hrrriy 
Air Forces! the Iowa Inst,it,ute untlertIook in t,he spring 
of 1945 $1 series of prelirnirlary measurement,s of the 
distribution of velocity and t8urbulnric:f3 over a relief 
model of the Tokyo Day region. At, that, t,ime Ameri- 
can hornbcrs were expericn&g mioxpectetl gustiness 
of tbc: at)mosphere during wc:stc:rly winds which made 
precision bombing of Tokyo difficult, and all possible 
clues t,o the C~IISC of’ the difficult,y were d(:sirc:d. Rl- 
though it was fully realized U-rat rnodcl t&n in tht: 
Iowa wind tunnel ~oultl clarify at best only a portion 
of the problem (that 1, resulting from eddies shed by 
the mountIainous region t>o the west) it was hoped 
that such information rnigl~t bc correlated with such 
otlic*r effects as those due to t,tic:rmal instability. 

The rubber relief model supplied by t,he Navy had 
a llorizont~,al scde of l/50,000 arid a vertical dist,or- 
tion of 1.6/l. Though certain sections of the model 
were missing, those at hand were placed upon the: 
floor of the wind-t,unnel test section, and vcrt~icel 
velocity traverses were made at typical points b(:- 
t,ween the mountains and the city. Thereafter, car- 
responding turbulence tJravt!raen were made at the 
sarnc points, using tlie rn&od of gas diffusion for t,he 
evaluation of t,lie rclativc: velocity of fluctuation and 
t,bc: coefficient of eddy diffusion. Such measurementJs 
clearly tl~morlst,ratecl the c:bungo in wind struct,ure 
caused by the mountainous terrain, and permitted a 
qualitative evaluation of thn height8 t,o which the 
disturbance extended.17 

Specific use of such information was prevented by 

two anrelatIed circumsluut:c?s. On the one hand, the: 
fact that it was impossible to perform t,lir: model tests 
at, the: Fame Reynolds numbc!r as that8 of tl~: proto- 
type: precluded accurat,o quantitative conversion of 
the tc:st, results to full-scale conditions; in other words, 
boundary-lager growth in th: model was not ncc~fs- 
sari1.v the same as that, to be expected in the actual 
tj tmosphere over Tokyo, t~ltbough the pmnormc:c!tl 
roogliricss of the model Lcndotl toward minimurn 
rather than m:jximum vixcous effects. On the other 
band, it, was found irnpossibL> during war conditions 
to obtain sufficient~ weather information for the 
Tokyo region t,o permit, correb tiorl of the model 
intlicat,ions with actd o(:mrrencxs. 

In view of the fact 1hs.t SIIC~ model sUios woultl 
permit consjderablc simplificatjon of win&ntmcturp 
aml.ysis, once small-scae le results had I )ecn proved 
dcpentlable, itI was bolicvetl advisable to c*oriduct 
cxpcrimerits of a si.milar na1,11rc over models of rc~gions 
for which extIensjve wt:at,licr data were at liund. A 
model of the island of Guam was provided for this 
p~lrpose, hut t,he rnodcl s(& was too small and tllc: 
available wcat,lier reports too inc*omplete tIo warrant 
lurthcr tc:st,s. Since the island of Puerto Rico np- 
pearcd mom suitIsble for the investigation, it was 
decided to have relief modr:ls of thin island made at, 
several clifforent vertical distort,ion ra ties. 

During the preparation of thcsc models by the 
Army Air FOI’CCS, ~,ho Iowa TnstitIutc c:or~ductetl tests 
of the effect of dist>ortion I* upon three series of 
boundary forms : scrni-ellipsoids; COIICS, and parxl- 
lolopipetls of similar bast: dimensions buL having 
hoigbt,s varying in geometric, progression. Theoretical 
analysis of the flow pattern around ellipsoids of vari- 
ous axis rat,ios showed at OIIVC t,hat in no simple way 
cwld measurements of the flow pattern around any 
ellipsoid he converted t,o yictld usable results for any 
ot,her ellipsoid, indicat,ing that tllc! distortion of R 
boundary and tlic: resulting distortion of the flow 
p&ern are not geometrically comparable. The 
measurements over the several series of schematic 
boundary irregularities (made with the spcaially con- 
structed three-dimensional velocity meter &own in 
Figure: 3) checked both t,he theoretical d&ribution 
for the semi-ellipsoids and the conclusions derived 
thorofrom. Tn some inst,anc:es it was found possible to 
approximate the velocity distjribution for one of the 
boundaries from that obtained from its “distorted” 
counterpart, but in pract,ic:allly every instance the 
error was essentially the same order as the effect 
which it was desired t!o rncasure. 
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‘l’hc OSRD contract under which those studies 
were conducted terminated beforc! the foregoing tests 
had been chompleted, and they were continued under 
direct contract with the Army Air Forces, togol;her 
with meaxurement,s over the: Puert,o Rico models. It 
must be concluded from thcsc tests that meanrxre- 
mcnts over small-sca,le terrain models are unlikely to 
+yicld useful quantitative information, unless t#he 

houndar,y configuration is so cxt,reme as t,o require no 
vertical dist,ortion for the required precision of indi- 
cation. hs an example of desirable terrain charac- 
teristics for wind-tunnc~l study, refcrcncc may bc 
made to suc~ssful observations m:& over a mod4 
of Gibraltar, which has sufficient relative height to 
yield a pronounced eddy pattern that, is essentially 
independent, of Reynolds number effects. 



Chapter 44 

RAI)lC).ACTIVE TRACERS 

Ry W. .D. Wulkix 

Tt is evidc:rrt that, in mod cas(:s the nlnthodt; ol 
prcq>arntion givc:rr in T&1(: 1 were not, new reactions 
but were ndqdations of known methods to the 
p:p:~,ration of r:dio,zctivc: I.oxic agc~nk The refer- 
f:rices to tllct t!arliei* studies reported in the open 
litc*r*ature are given in the q)orts ritetl, but they 
haw: not, l>et:n indiitled hc:r~ on ilc*c:ount~ of t,lr(: 
shortsge of sparcb. 

44, .J API’AK ATUS 

Ati in the case of the prepaixt,ion of mat~eriak, 
general methods for t>tie det,c:c:tion of’ ratliosct~ive 
suh&rrc:es had h(!c:rr tlevelopd prior to the NDRC: 
invesligutions arid various t,ypc:s of appuratus were 
avsilahlc. ‘I‘liereCore, 1li(? app,arahs employed in nny 
1)ivision 10 inveutipdiori usunlly rcpresentccl a modi- 

fication of oxkting apparatus t)o fit, t>he ~u:c:ds of the 
pibrt,icular prddem l)c:irig stdicd pin:: new itcmc; of 
tlpparnt,us designed on Ilin project. 

Orif: 01 t~lu: pieces of ttppai*atlus msd quite r:xt,ori- 
sivdy was a Geiger comll~c:r Me wlri(*h had mic:r 
windows of thickness 2 to 3 rng per sq cm, :UKI which 
was irsetl for lhc tlet~erriiiriati.oii of tho activity of 
cornpountls or radio-sullur or any other twta emitlor 
with energy of rxdinf,ion 100,000 voltjs or greater.: 
When tShr !,rrl)e w-as sl~ieldetl hv 2 in. of loud, t&he 
I~:~wlrgrowid :t,mountcd t>o only 20 c*ounts p:r miriut,e. 
The t,uljr was tlevelqd at, the (Mfornia Institute 
of ‘L’eclinology, a,ncl on tlio same pr.o,jec:t, n counting 
r:ttc met,er cirruit of the ~vrLris-Aldr:r-Kip t,yp: was 
ronst,ructled. This c*ircuit, wfts found t,o he very us(:flll 
in c~oml,innt,ion with ,2 rc:c*ortling rriilli:~l,mmetrr. In 
aclclition, R sd: of 32 cirdt, w:Ls l:klt, :.~.ntl usrd for 

the cL:t,c~r,minnt,iorr of r:ldioart,ivit>ies. 
In the c!:dy NT)R(.! work it, tqpenrd Ilrttt, under 

f:~~vord,lc c:ontiitions, r:.l,tlioactivc: TT3 rnighl, he em- 
ployed for die measurement of small conc,c:rit,rat,ions 
of hydro$c:rr-c.ont,nirlirrg ct)tnpourds.+ Thc~rcfore, n 
Geiger-iV!ull~:r coun tc:r sr~itdde for the nieas~~r~:merit, 
of t>tie :Irt,ivj!,,y of II8 in very low roricentratinr~s WHS 

tlevelopecl :t I, t,he Rndirtt,ion Tdwa tory of th(: IJni- 
versit,), of Ctt lifornia. ‘1‘0 measure the ndvil,,v of TT”, 
the hydrogori must, hc: aonverlcd int#o r:lr:rric:ritary 
hydrogen hc:fot~e it, is int,rotluced into t,tie coltnkr, :.d 
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T~mti 1. Wn,r gsxcs or sitnnlat,ed war gases cont~uini ng radionclive eletncnls. 
.-.-.- 
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44.4.1 Chnwntration of Agent in 
Kffluent Gas Stream 
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As would be expected, the: acruracy was better for the 
determination of higher concentrations. 

Another method of obtaining a sample of a gas mix- 
Lure from H static syst,c!m or from a flowing &ream 
was also devised.3 A glass hypodermic needle was 
uxcd to rtmovt: a few cubic cent8irneters of tht: gas 
mixture, and this sample was then injectc?d into a 
closed vessel through a small hole c:ovcrc:d with a 
rubber band. By locating the aluminum or cellophane 
window of t,he vessel near a Geiger counter, t,he 
activity of the sample could I)(: mcasurcd. Concen- 
trst,ions 88 low as 0.1 mg S per (91 m in a S- to 10-W 
sample of an air-H,8 mixturt! or an air-8Fs mixture 
could be measured by this method. 

The flow method mentioned above was of con- 
sidoruble vuluc! in thr? m(?asurofncnt of effluent con- 
centration as a fruic4ion of time during adsorption 
and desorption experiments. In general, the results of 
the radioactive tracer technique proved llscful in 
(1) measuring the performance of charcoals and 
whetlerites,“, 8, ‘3 (2) determining the sensitivity a.nd 
the efficiency of certain chemical tm:akl)oint in&- 
caters, such as the silver nit,rate indic:at,or for ar- 
sine,5, I4 and (3) testing various theoretic~al adsorp- 
tion equations.5, x 

44.4.2 Reaction Products in the Effluent 
Gas Stream 

Tn a consitleratJion of t,he application of the radio- 
a(*t,ivc t,rac*c:r method to the study of t,he removal 
of toxic agents by charcoal, il is apparent that, the 
radioactivity of t,ho offlucnt strcarn represents the 
radioactivit,y not, or&y from the unrcrnoved t,oxic gas, 
blr t, also from any radioactive rcnction products ap- 
pearing in t,he efIluent gas stream. Tn the cast of 
arsine contdning radioactive arsenic, tlic roat:tion 
products containing arsenic are essentially nonvola- 
tile compounds readily retsined by the: charcoal. 
However, wit,11 phosgene containing radioactive oar- 
bon, and under cac:rt,ain conditions with phosgene 
containing rudiouctivc chlorine:, an :apprcciable frac- 
tion of tlic radioactivity in the offlucnt stream may 
t)(: due: t,o radiour*tivt: reaction proclllc:t,s. By carrying 
out cxpcrirncnts first with phosg~n~: c:ontaining C” 
and then with phosgcnc containing C1”8, the group 
on project OEMsr-28 at the California Institute of 
Technology obtained results which were useful in the: 
idcntifi(*ation of the rc!a-t*tion products and t’he tleter- 
mination of the concentration under different, expori- 
mental condit,ion,s.8*‘f; 

4~.1,.3 Distribution of Toxic Agent or 
Reaction IProduct in the Charcoal Bed 

By means of radioactive war gases it, was possible 
to ohscrvc: the accumulation of the adsorbed toxic 
agent OF of radioactive reaction products in the char- 
coal bed. Experiments with radio-ardne were per- 
formed to measure t,hc! accumulation of arsenic at a 
single position in tht: charcoal bed as a function of 
time and also to determine the distribution of arsenic: 
along the charcoal bed. At the California Institutr 
of Technology the change in the radioactivity of the 
top layer of the charcoal bed with time was obtained 
by the use of the previously described counting ap- 
paratus when a load slit 3 mm wide and 100 mm 
t,hick was plat:c:d adjacent to the top of the charcoal 
bed.6 For the investigation of the distribution of the 
radioactive arsenic along the charcoal bed, a S-mm 
lead slit was used to scan the bed aftc:r radio-arsine 
had been passed through the bed for a definite time. 
Another method employed in the distribution experi- 
rncnts was the use of fine brass screens to divide the 
charcoal bed into sections which could be removccl 
after passage of the gas and their separate activities 
determined. 

At the University of Rochester, on l’rojcct 
NlWrc-76, the distribution of As74 (from radio- 
arsine) in the: charcoal bed was also studied.” Experi- 
ments were perforrncd in order to determine how the 
distribution dr?pcndcd upon the time of passago of the 
gas, initialconcentration of arsinc, rnoislllrc content of 
the? charcoal, and humidity of the gas strcarn. The dis- 
tributionof arsenicalongthe bedwas oblaincd bysepa- 
rating the charcoal bed into sections and measuring 
the activity of a definite weight, of charcoal from each 
section. The separation into scc:t;ions was accom- 
plished by means of a screw arrangement for lifting 
the entire bed so t’hat successive layers of charcoa,l 
of t,he desired size could br: removed (witIhoutI the! IISC 
ol” screens). 

One of the significant, results revealed by the ex- 
perimonts at Pasadena and at Rochester was that 
the top luycr of the charcoal bed is not complctcly 
saturated when the silver nitrat#e breakpoint is 
reuchod. 

In the case of pliosgeric: containing radioactive 
chlorine, the accumulation of LaOcled chlorine in the 
charcoal layer on the influont side of the bed was 
moasurcd at the California lnstitut,o of Technology. 
It was found that, the amount of chlorine increased 
rapidly with time until the: breakpoint was reached 
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(activity of effluent 1(x, of inflnont), but, after the 
breakpoint, the accumulation in the t,op 1ayc1 
practically ceased.* 

54.4.4 Location of the Keaction Product 
in the Individual Particles of Whctlerite 

Another application of the: radioactive technique 
to the study of t,he removal of war gases was an in- 
vestigation at the University of Illinois (Project, 
NDCrc- 152) to ascertain the location of the reaction 
product, (prot&ly As&) from arsine in a sin& 
particle of charcoal or wliet,lerite.7 Various charcoals 
wcrc treated with arsine containing radioactive ar- 
senic. A t,hirl scc:tion could he prepared by grinding 
down a single particle, and when the section was 
placed in contact with a photographic plate, t,he 
radioactivit,y produced an image showing the loca- 
tion of arsenic: in the particle. I?adionctive ash skele- 
tons were also prepared by cerhlly ushing a few 
particles of the exposed whc:tloritc. Hadiogrxphic: 
images of these ash skeletons could bc obtained I~IOI~ 
:I photographic plat,e. In t,his work the: treatment, of 
t,lie part,icles with radio-arsine was carried out, at 
Rochcstc~r and at, Pasadena. The results of these 
radiographic: xt,udies were of considerable int,ercst and 
show& among other things that the reaction product 
from arninc lies near the surface of the whctloritc 
particlc. This layor of reaction product was quite 
thin in the CRSC of c:xt,rrdr tl charcoals, particularly 
along the smooth, cylindrical sides of the particle. 

44 .I< .5 TXeLribution of the Catalyd in 
the Lndividual Pad&s of Whctlcritc 

In add; tion to the study of t,he location of the re- 
action l)rodr~c$ the radioactive tracer method was 
emplo~yed at the TJnivcrsit,y of Illinois to determine 
the location of the catalyst in t,hc whetlerite par- 
t,iclos.7T Ifi Impregnating solutions rontaining radio- 
ac tivt: c:lomc?nts, sidi as cohal t, phosphorus, and 
thorium, wcro 1~x1 to t,reat, blocks of charcoal, and 
the sides of the: d&d blocks scraped off so that the 
:bctivity of the layers could bc mcusured. Tn the later 
work, thin sections of impregnated c:hurc:osl particles 
containing C@, NaSY:N, or AglOB were prepared, 
and radiographs obtained as mentioned above. The 
charcoals imprcgnatad with NeS%:N had been 

prepa red at the University of California, and those 
with Ag’O” at, the Northwestern Technological Insti- 
tute. Radiographs of the ash skclotons were also pre- 
pared. In this study it was obscrvcd that, in general, 
the s&cing method of silver impregnation distributed 
the catalyst, t,hroughout the particle, but the spraying 
procedure tended to product: a thin outer layer of 
catalyst. 

44.5 STIJDY OF SMOKE FTT,TERS 

One of the earliest uses of radioactive: tracers in the 
program of Division 10 (or its predcccssors, So&ions 
B-5 and R 6) was in connection with the tc:sting of 
filter materials.’ The problem of determining t,he 
pcrformunco of smoke filters, especially against 
liquid smokes, was quite importarit, and on Project 
NDCr(:-49 at the Universit,y of Illinois a method was 
dc!voloped for testing filter materials by the use of 
aerosols produced from radioactive triphenyl phos- 
phat,e. An aerosol of triphcnyl phosphAt(? caontaining 
radioactive phosphorus was passed through a series 
of circular pads prcparod from t,he filtei, material 
being tested. These pads wcrc in c:ont,ar:t, under a 
definite pressure. After passagr of the srnokc for the 
desired period of time, the pads were scparatcd and 
each pad counted on a Geiger cormtor. The results 
obtained b-y t,his method rontribu ted to the dcvolop- 
rncnt of a tl1eor.y of filt,rat,ion. Moreover, the results 
sllowc~l that, the existing method of testing gas- 
mn sk filt,r:rs wan ohject,ionable from several stand- 
point,s and that immcdiute steps should be taken to 
produce bcttcr smoke? filt,em. 

I,4 .ri F I I+: LI) USE OF RADIOACTIVE 
TRACERS 

As an extension of the: IJSC of the radioactive tracer 
procedures employed in laboratory work, it might be 
expected that, under certain conditions, radiouctivc 
trat:c:rs might, be used to determine ground em- 
tsminetion, aerosol concentration, or vapor c01icc1~- 
t,ration of toxic agents during field tests. In t,his con- 
nection it is interesting t,o note that, t,lie radioactive 
m&hod for measuring the: ground contamination 
from mustard-filled munit,ions was investigated by 
the Chemical Warfare Service at the Dugway 
Proving Ground. 





A. Angst,rom. 
AC; Symbol for hydrogen cyan&. 
AD. Apparent density; t,hc wcighl of 1 ml, not. the Isuc 

densily bccsnac of the free space bcl,wccn pn,rticlcs. 
AT,. Woodpulp. 
AR.-rfi. Designation for relative humidity of charcoal and air 

in test; charcoal :LR reccivcd, air RI 50 ptr cctll RTT. 
ASC. Dcsignat,inn for itnpregnnted chs,rconl which cont,nins 

cnppcr, silver nnd chromium. 
ASM. lmpregnant for whetlerite made with molybdenum in 

place of chromium. 
ASV. Ttnprcgtiruil; for whct,lcrit,e trade with vnnndium (same 

as above). 
BC UHARCOAT,. Ram&y-Chcncy, prcp~rcd frotn nut shells or 

pcarh pits. 
BW. Rinlogicnl warfare. 
C. Critical bed depth. 
CFI CHARCOAT,B. Colorudn Fuel and Irnti Company. Expcri- 

tncttltd gas tnesk charcnnl made from cnal. 
CC. Symbol for phosgeme. 
Cl<. Symbol for cyanogen chlnridc. 
0. Cortcenlralion-t,itnc; product, for gxx cxposurc. Units xrc 

cilhcr mg tnin per likr or mg tnin per cubic meter. The 
former iH often Ised for rrort-persistent gases and the 1aLttet 
for persit;leul. 

f&l. Products nf gns dosqqe by nrea ctwered. $ke (kq~ter 16. 
CWSC. Dcsignntion for charcoal prepared by t,he Cnrlislc 

(Company, using t81te Prest-o-log process. See Chapter 3. Alyo 
referred to :ts Seal& or Crown-Zellerl~aclt charcoal. 

CWSEl-TEI. Designat,inn for n sntnplc of Type A whet,lcrila 
prcpa,red from coconut, chnrconl nt, I~~dgcwnnd Arscn.zl. 

CWSN. I:)esigrt:ttiort for charcoal manufact>ured by National 
Carbon Company, by sirrc chloride procestj. A numbet 
indicaLtcs I.hc part,iculn,r bxlch, e.g., CWSN5, CWSN44, etc. 

(JYAN DA. CWS tiytnbol for Diphcnylchlnrnnrsinc. 
DBT. ni~,u(,ylplllhdnle. 
DC. Symbol for diI’henylcyn.nos.rsittc. 
Dmr,. Tm,de name of nil used for screening stnokc. 
DM. Symbol for Adamite. 
DOP. L)ioctylphtlt:tlrtte. 
E6. DesignaOiort for Ihiocy:tnates irrtpregrtuted wltetlerite. 

This was never put, into prnduc(,iort . 
EN. Symbol for ethylenitnine. 
FPM. Foot per rninutr. 
FPB. Font, per sccnnd. 
FS. Futning sulfuric acid. IJsed t,o produce smoke. 
OPH. Gallons per hour. 
(:~t,. Grn,nis per lit,er. 
H. Symbol for mustard gas. Also det$qnted as HS prior to 

1942. 
HBT. TIerrirlgboue twill clolh used in clolhing. 
ITC. Symbol for llcxnchlnret:th:lnc, used for producing smnkc. 

HC pot, is n stnoke pot employing t>his chemical. 
HCI<. British for hexachlorettl:trle. 
IID. Distilled musOard. 
TIE. TTigh cxplnaivc. 
I-TN-3. Nit,rogcn tnust,ard N(ClCR,CH,),. 

TTTI!. Height, of R t,rnnsfcr unit. 
1AS. lndicat)ed air speed. 
Ht. Voltage drop. 
IT. Index ol turbulcttcc. 
LPM. Jlilers per minute. 
LRT. Local st,andard t>ime. 
MH. Metlylene blue. 
MCE. German war gn,s Tabun. 
MDT,. Abbrcvist,inn for MunitiottH Development I,aboratory 

rtt TJniversity of Illinois. 
MMD. M:tbs median diameter. 
MMC. Microgram or IO--3 trig. 
MSV. Moisture sntur&ort valve. 
/ac. Microgram. 
NATIONAL. Nat,ionxl Carbon Company. Charcoal prepared 

by the N. C. Co. iq frequently referred to B “National” 
Chnrconl. It iH made by the zinc chloride process. Dcsignnted 
as CWSN. 

N. GRS cxpncit,y nf absorbent at tiaturation. See Chap& 2. 
NHL. Naval Research Laboratory. 
KC. Pittsburgh Coke Br Chcmicnl Cnmpo,ny. 
PCI. Pittsburgh Coke and Iron Company now known :a 

PCC Company. 
WM. Parts per million. 
PS. Symbol for chlornpicrin. 
tlst. Pounds per sq inch. 
PWP. Pla,sticized white phosphorus. 
R. Symbol for ratio of wind velocities al. Iwo different levels. 

See Chapter 14. 
R.TT. Ftclativc hrtmidity. 
RWIWNTTVTTY. A l,crm used to describe t,lte ability of charcoal 

to rct,nin 11.11 adsorbed gas. 
SA. Symbol for nrsine. 
SE:,,,LE CHARcOAL. Ch:trco:tl pWp:uVc~ by C~~rb0lliz&ti0n MKi 

nct,ivalion of Prcxt,-n-logs from wood sawdust. Designated as 
(IWSC. Snmetimes called “Carlisle” Hince made by thr 
Carlisle Comprtny. 

SDE’. Rtartdard dispersion figure. See Chaplcr 35. 
SIP INDICATOR. Tndicalor used for CR tCs&. Src Chapter 2. 
XX. ,%tlfur-cil,ral,r tnixl,urc nsrd for smnkc production. See 

Chnpt>er 32. 
STl’. Rt:md:trd terrtpornt,rtrc and prcsam?. 
SPACE VETOCITY (uR). “In qltnntilabivc work on hcterogeneoub: 

ce,t,n,lysis, it, is cust,onmry to express rates in t,erm of the 
volutne of feed gnse~ introduced to the cntalyat in mlit time. 
Specifically, the term ‘space velocity’ (hr) is equal t,o the 
volume of feed games in liters per hour(measured at standard 
temperature and pressure) divided by the apparent volutnc 
of (hc &:dysl rncusured in liters.” (DcfiniOion by Dr. 
Pease.) 

SWP. Mccha,nical mixl.tlrc nf sl,ccl wool n,nd whit,e phosphorus. 
Sea C%apt,cr 37. 

TABIJN. German war gag. 
TCP. Tt-icresyl phosphate. 
TPP. Triphenyl phosphate. 
TYPE A WHETLERITE. Charcoal imprcgnntcd hy copper oxide. 
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Chnrwrzl 011 Jieslkzfor Chasucteristica, M. W. Lister, Re- 
port, on Cbdiau Projccl C. J?. 4, M:ry 29, 1941. (See 
dso summary by 1. F. Rincaid, NDIK Sll.) 

Div. lo-202.16-M21 
21;. .A Slrtd~ oj Charcoal AdSorption wnd Methods of !l’estin,q 

fJmrcnnZs Jar IJse in G,w Mask Cwni,sters, K. Mncy, 
K4TR 52, ReJ’nrt cnmIdei.ed July 1, I !GO; issued Mzy IO, 
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27. G’u.s Musk Car~&ur Design und Churwul T~~tin,g, L). 

Mdbe, TDMH. 942, Dec. 15, 1944. 

2x. “Layer Filtlrdion, R Conlribution to the Theory of GB,S 
Masks,” W. Mecklenhurg, Z. Bldctwd~emie, 31, 1925, p. 
488; Rollold 52, 1930, p. XX. 

29. Coauid(wutions of the Adsorption, Wuve in Cwthlrr Design, 
F. G. Pearce, Ml’I!-MH 132, Apr. 2, 1945. 

30. Variation of th.s CC l,ije (;I Vrzrio~ti Hurnidijid Adsorb&s 
with Decreasinyl T~mpsru~t~,rc, W. C. Pierce, OSRD 
1055, Nov. 26, 1942. Div. I O-202.16-M IO 

31. ~%dies oJ Cunister Perfurwcznce at High, II,tmrn;irlitirs and 
Flow Rotr-.s, W. C. Pierce, OSHD 1081, Dec. 7, 1942. 

Div. IO-201.1-Ml1 
32. Mesh Size Zt~rrlirs, W. C:. I’icrcc, J. W. Z&or, D. R. 

T”hdirlger, .J. l’ehrenbncher, A. I,. TTtd, tmd A. Juholn, 
NDRC 10.1-l I, Apr. 1.2, 1943. Div. IO-201.21-Ml 

33. DFSign Mothotlv Jw Atleorbcrd Section, of Cnn;istws, 0. A. 
Short and F’. G. Pearce, MIT-MR, 114, Nov. 25, 1944. 

34. A s’t ~tdy oj R,tarri,lrlr;lir,trtzc,n. urrtl I)rhlzrrLidifirafiun of L”hur- 
coal in Collectivt: Pwtwtor Crkstrrs, 0. A. Short, P. G. 
Pearce, and K. R. Nickolls, MIT-MR. 97, Aug. 25, 1944. 

35. “Tlderogeneous lon Jdxchn,nge in n, Flnuing System,” 
TT. C. I’homas, J. Am. Chewz. ~Soc., 66, 1!)44, p. 1664. 

38. A C:riticuI l?xnrr~,~r~aLiorr. oJ tha Correlution of 2’ube aad Con- 

tainer Gus Test Resirlls, R. D. Wudsworth, Pt,r\. 2001. 
(Il. 138), J 943, (Y. 23256). 

37. “Sludica 011 Adsorption and Desoqdion in Beds of Gmn- 
111w Adsnrborl Ls,” E. Wihkr, Kulloid Zeitsrhri’f, 9:$, 1!)40, 
p. 129. Tr:tnsl:tlcd lry M. TIole KDlX SLYI, 1841; r&o 
i;mn&tcd hy C:. A. M,dbnkcy, N:ttional l&cad1 
(:ouncil of (:nnnrln, Ot,t>nwn,, 1942. 

38. Adsorption &uchs of PLY on CWSN-I.9 and CW,$Y-I I, 
H.. TT. Wilhelm, J. C:. Whitwell, :tnt S. F. Willinms, Final 
J<cpnrl, Corlllaot No. NTK-rc 108, Lkr. 15, 1943. 

39. A Briuf Twe.diyalzw~ IJ Removczl UJ Arsine in Air-Arsino 
Mixt IL~AS by CSzrroul lining thn R~~diouc~i~~c Tracer Mcih ud, 
TI. M. Yost>, OSRD 361, Jm. 7, 1942. 

I Xv. lo-202.154-Ml2 
40. An I nuedi&iorz qf Ihe Mrc+art&rr or Rwwvczl of Phusgene 

frowz Phoqene-Air Mixl~t~rtis big Chtwwal, IIying the Rodiu- 
acfive ‘I’~urer Method, L). M. Yost,, OBRT> 903, Rcpl. 25, 
1942. Div. lb2(32.1X&M5 

4 I. #wrrr: Muthwnaticczl ~heO?riOR Jor Charcoal Yubo ‘I’estincg, 
D. M. Yost :tnd D. 8. Murlirl, NT)HC> 10.1-12, Apr. 30, 
1943. Div. 10-202.1 -M9 
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1. Keport on Aerosols, W. H. Rodebush, OSRD 77, Mar. 12, 
1941. Div. IO-500-Ml 

2. &nor2 on Aerosol Fdtsr Mnlerds, W. IT. Rr:dcl~ush, 
OHRD 5X, July 24, 1941. Div. 10-201.2%Ml 

3. Report on Filter Mntwids, W. H. Il.ndehush, OSRD 101, 
Ju11e 12, 1941. Div. IO-201.2-Ml 

4. Report on Aerosol Filter Materials, W. H. Rodebush, 
OSRD J68, Nov. 7, 1.941. JXv. 10-201.22-M3 

5. Report on, Filtration oJ Asrosols and tha Devslopmenl of 
Filter Materids, W. H. Rodebush, 1. Lnngmuir, nnrl V. R. 
LaMer, OSBD X65, Sept. 4, 1942. Div. lo-201.2%M5 

6. Sntdxs urd Pitters, I. Langmuir rend K. Blodgett, OSRD 
3400, Apr. 12, 1944. T)iv. lo-201.22-MJ4 

7. Prcpurafion of ~Superfiri,e fIqnn,ic Fibers from Cdl~rlost: 
Esleru, Tennessee Enstmn,n ~~nrpn’:~l,ion, OHRD 1048, 
Nov. 26, 1942. Div. lo-201.22-M7 

8. Reports on Aabeduu Reurr*nlg &lter Paper, A. D. Little, 
Inc., 0SR.D 3X, OISTtD 431, OSKL) !jB2, OSHL) 4378. 
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Chapter 11 

Status 8urnmary on fhe Protectiutb A yainsl Non-Persistent 
Agents by Allied and Rrc.em.y Canisters linder l’ropicul 
Cunditions, Project, Coordination St,nff, Edgewood Arse- 
n:& Report No. 2, duly 19, 1944. 

5. 

8. 

Gas Protartion A*ffod~d by Japanese Cnnislrrs, a. B. 7. 
Fehrenbncher :tnd E’. E. Rlacct, OSRD 5238, Mny 30, 
1945. Div. lo-201.31-M4 8. 
Gus Proleclinn AQorrled by GeTman Canisters, J. n. 
Yehrcnhachcr n,nd I?. E. Blrtcet,, OSRD 4929, Apr. 12, 
1946. Div. lo-201.31-M3 

NDRC MSR for period ending Nov. 15, 1944. 

Ge~rj,an VM 40 Cizrilian Gas Masks, 11. Munro nnd .J. k:. 
Ksufmnn, FMTK-MIT 45, Mar. 17, 1945. 
German Civilian Air Dtijtinse Gas Masks, P. Gilmont, and 
.I. lC. K:%ufman, FMTR.-MIT 44, M:tr. 17, 1945. 
Evalwatinn OS British Mk II/l, Respirator Containers, .1. E. 
KRufmq FMTB-MIT 48, Apr. 26, 1945. 
The Protection of United Btates and h’:nrmy Cunistars 
Against Nltroyen lXo~&, W. B. Lewis, J. W. Thomas, 
and Y. E. Blaccts, OSRD 5343, *July 18, 1945. 

Div. lO-201.32-M3 

Cl1aptcr 12 

Ch.arculite: A Calci~rn Chloride Impregnated Charcoal by- lise with Diluter-DewLund Regulator Equipment, R. N. 
ing Agent, R. N. Pcasc, OSRD 3776, June 15, 1944. PC&RR, NURC 10.1-47, June 15, 1944. 

Div. lo-202.142-M2 Div. JO-201.1-M27 
Calalysts fur the Oxidation of Carbon Monox& in Ais, 4. Carbon Mor~orirle Asphyxia, C. K. Drinker, Oxford 
R. N. Pease et al, OBRD 3071, Jan. 4, 1944. Univcrsit,y Press, 1938, p. 89. 

Div. IO-202.2-Mfi 5. Lrtmb, Bray, and Frazier, I&. Eng. Chem., 12, 1920, 
Volume 12equiremenls jar a Carbon Monoxide Canister for p. 213. 

Chapter 14 

“&cording Noct,urnel Radiation,” A. Angstrom, 1Mrdcll. W. D. Gwinn, OSRD 2086,, Dec. 29, J 943. 
But. Meteor. Ilydrogr. Anst. Stockholm, 6, No. 8, 1936. Div. JO-302.1-Ml8 
“Transfer of Heat nnd Momentum in the Lowrst, Layers 12. Weafher A,nfllyxis and Forecasting, S. Pctlcrsxen, McGraw- 
of t,he Atmosphere,” A. C. T%exl, Ge@ysical Mem,oirs, 7, ITill Rnnk Co., 1940, p. 99. 

No. 65, 1935. 13. “St,rahh~ngs~t~udie11,” M. Rnhilasch, Arb. Ohs. Linden- 
“Notes on Radiation in the Atmosphere,” D. Brunt,, berg, 15, 1926, p. 194. 
Quart. J. Roy. Met. Boc., 58, 1932, p. 389. 14. Phys. Ocean. und Mel., C:. G. Rossby, MIT, lY35. 
Physical and Dynamic& Meteurolu!gy, D. T1rur10, MacMil- 15. “D:ts Ma~xcn~ust.ausch hei der migeordnclcn Sitromung 
lan Co., London, 1939. in Creicr T,uft, und seine Folgen,” Wilh. Schmidt,, Wiener 
“Professionnl Note No. 6,” R. H. Cha.pmnn, M. 0. 232, Rw., 126. 1917, p. 757. 
1919. lfi. “Tempelttturas of the Soil and Air in :I Desert.,” .J. G. 

Sperial Rep& to General Kabrich fur ReviGm of TM %24O, Sin&r, M. W. RPV., 1922, 8. 142. 
R.. G. Dickinson, T. S. Gilmq ~111 II. S. *Johnston, 17. 0. G. Sut,t,nn, Froc. Roy. SOL, 146, 1934, p. 701. 
Oct8nher 1944. 18. “Theory of Diffusion,” G. I. Taylor, Pm. Muth. Sot., 20, 
“The Climate of thr. LRycr of Air Nen,r the Ground,” K. 1929, p. 196. 
Geiger, Die Wissenschaft, 78, I<r:turlachweig, 1927. 19. M. D. The-nn>~s, NDlU: 10.3A-17, Apr. 17, 1943. 

Phynirs of the Air, W. .I. IT umphreys, McGraw-Hill Kook Div. 10-302-M I 

Cn., 1940. 20. Eval,uation of Mefeuruluvical Dnla oj th,e Lowest Atmuuphers, 

Jelinck, Beit. z. Phys. der f. Ahr~,, 24, 1937, p. 3. Salt Lake Cit!y, Utah, MIX. FL Wcxlcr. 

h!firrometeuro/uy;~ uj Woods and Open Areas Within the 21. MEtEOrOhgy uf &wrnd ~@,wr, R.. Wexler, Specinl Rcporl., 

Withlucuochas T,an,d I/se Z%+ct, Florida, H. .Johnfiton Dugway Proving GrnundB, November 1943. 
:lssist,cd by A. Pardee, 9. l!;ngbndcr, :md W. Tronsidc, 22. R&umg of &rent z<now/edge WL the Techsnical Aspect8 uj’ 

DPGSR 35, Sept. 1 I, 1944. ChewGcal Warfare %n the Reid, Project, Coordination Staff, 
Correlutiun of Gas Cnn,centrations with Meteorulugical Edgewood Amenal, Heporl No. 9, Mn,y 17, 1945. 
Data, W. M. T&mcr, 8. Ruben, K. S. Pitzer, :%nd 23. S,lPR. 22, October 1944. 

Cllapler 15 

“Transfer nf Heat urtd Momcn~um in t,ha Lowest, Layer 3. A Remote In,dicatin,q cI,qp A~rremomat~r with Maynelic 
of lhr. Atmosphere,” A. C. nest,, Cienphysical Memuir8, Cnupling, R. (:. Dickinson und D. I,. Kraus, NDRC 
No. 65, 1935. 10.3A-44, May 30, 1944. Div. lo-301.1-M2 
A Comparison uj Three Il'ypes of Cup Anemometers at T,ow 4. An Apparatus for Temperabra Profile Meas?~remant, R. G. 
Veluci&s, R. C. Dickintion nnd H. S. Jnhnslon, NDRC Dickinson, R. T,. Mills, and H. S. Johnston, NDHC 
IO&-38, Oct. 26, 1943. Div. lO-301.1-Ml 10.312-45, Apr. 11, 1944. Div. lo-301.2-M3 
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1. AVL Llltruviolel, Pholomefer for thr: Detdbn uad &ztuntitulivr: 2. S’uvnpiing Math,ods jar FI:r,ld 7?xpc&raents, W. M. T,>hi,i IIICP, 

Estirrmf ion of Vwg Smnll Cunc.en t rations of Nmiorrrc Gasps NDHC CI,SXSVI, Siept>. 16, lV42. Div. lo-402%M4 

In Ai7, M. Dole, OST{T> 170, Nov. 7, 1!)41. 3. nel~~r~;~ntrlion cd A vrrvnunin CloncPntrulionx iv/, Field Tests, 

Div. IO-40X21-Ml F. R. Hlacct, KDRC 10.1-5, .Jml. lfi, 1843. 
Div. IO-402%M7 
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Div. lo-504.3-M2 

Applied Mnth. J’a,nr:l, Memo 100.1 M, NDRC, 1944. 
“Thr: Motion of :t Sphere in it Viscmw Fluid,” FT. 8. hllcn, 
Phi/-Mug. (Fi), 50, 1900, p. 323. 

E. A. Pru~gw 7,fipul.t (u Cd. Flintivry, TT. A. Ahxrnst-rn, 

.July 7, 194%. 

l~nipnhr h’vrrtdx: and Filh Pcmtdlon,, V. Ti. T,nMer et, nl, 
NDW: 10.2-2, Angust 1!)43. Div. lo-201.22-M] 2 
I’n,rmjpe, Pruc. fnd. Acud. Sci., deu, J 936, p. 423. 
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(~tlat~ler 20 

Z’rodirrfio?r of Nmukes uj Humymeum t’art icl~ Qixu jut :I. Fo,tahl~ fI)plic~al 1 r~strurnmt fur the Meizar/rcnlr:nt of thr: 

Krreen,ing Tests rind Drveluprnont uj D~PY jrurtz Therwtzlly Z’artirlr: Ibiza in, Bvnukee, the “O~wl”, nt,, Tn~,proved Homo- 
Dispersal S,nokes, V. K. T,nMer et d, 08HD 364, Jnn. 29, p!wu~s Aerosol Generatur, V. Ii. T,:tMcr :lnd D. Hinclnir, 
3942. Div. IO-501.11-M3 OWL) lGB&, Aug. 3, 1948. Div. lo-501 .ll-MB 
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2. Dispersal urrd Persisknce I’rnpwties of Solid Aerosols, lorv or Field. The Production uj Aerosols from Powdered 
V. K. T.nMer et, nl, NDRC 10.2-9, Nov. 12, 1943. ~Solid Materials, V. R. JdaMcr, J. Q. Umhcrgcr, D. Sin- 

Div. IO-504.3-Ml c&r, li’. IX:. 13uchwallcr, OSRD 4904, Oct. 31, 1944. 
3. The Optical Characterization oj Any A wow1 in th.a Lahora- Div. 10-601.2-M I 

Chapter 21 

1. G. Mie, Ann. dcr P/q/a., 25, 19OS, p. 377. 8. W. S. St)ilcx, Phil. Msg., 7, 1929, p. 204. 
2. Hans slurncr, Z&x. f. Fhqs., 32, 1925, p. 11.9; 38, 1926, 9. G. Wolfson, ZIandbuch drr Physik, XX, 314. 

IQJ. 304, 920; 3Y, 1926, p. 195. IO. Rcfcrcncc 7, Part, 11, Sec. 1. 
Engelhnrd and Friess, Koll. zeits, 81, 1937, p. 129. 
It. Ruedy, Canadian Journal oj Reesarch, IYA, 1941, 

11. TJ. Hrillouin, NDRC Applied M&h. P;tnel Report, Nos. 
87.1 and X7.2. 

p. 117. 
3. Elachmagnetic Theory, .I. A. Stratton, McGraw-Hill 

12. Determinution nj F’arl&: Size DistPih&on in Smokes by 

Book Co., Strntbn nnd HoL~~~I~wJ, PhpScnl Review, 38, 
Arbalysia of Scn&rr:d Light, V. K. LnMer xnd I). I& Gold- 

Div. lo-501.11-M5 
1931, p. 159. 

man, NDR.C 10.2-4, July 28, 1943. 

4. Vwijication of the Mie Theory, V. K. Ltt.Mer, 1). Sinclair, 13. Y)wl” $ettingx for DOP Smokes, E’. T. Gucker, Jr.,et al, 

et al, OSRD 1857, Sept. 29, 1943. Div. lo-501.1-M2 NDRC 10.1-27, *Sept. 7, 1943. Div. 10-501.1 I-M? 

5. #ci&i$~ Papers, Lord Rnyleigh, C:lmbridgc 1Jniversity 14. Tests of the Owl, V. K. TAaMer et al, NDRC 10.2-3, July 23, 

Press, 1899, Vol. I, pp. 92--9X 1943. Div. IO-501.11-M4 

Lord Rayleigh, Lot. Gil., 4, 1903, p. 400, eg. 13. 15. W. I,otmar, IEtzZv. Chim. Acta., 21, 1938, p. 792. 

6. a. ProducCon, Analysis, and Use of Aerosols of llnijorrrr. 16. R. S. Krishnan, Z’roc. Ind. Acad. Sci., ‘?A, 1938, p. 21. 
Particle Size, V. R. LxMcr and 1). Sinclair, OSRD 119, 17. PrivlttF communicntion from E. 1. DuPont, de Nemouns 
Aug. 8, 1941. J)iv. 10-501-M 1 Expcrirncntal Stntion, IX. D. Bailey. 
h. Measurement of Particle Size ir& Smokes, the Owl, V. K. 18. l’sstinq of Daytime Distress Sign&s, V. K. LaMcr ct al, 
LaMer arId D. Sirlclair, OSRD 1668, Aug. 24, 1943. OSKD 4539, Jnn. 5, 1945. Div. 10-e501.23-M3 

Div. 10-501, I l-M6 19. Totul Xcn~erin~ Rmctionfor Complex In&xx of Refraction, 
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Pn,rt II, Sec. 2, Oct. 5, 1942. Div. IO-502-M5 Bureau of St,andxrds. 

Chapter 22 

1. K. H. May, Porton Report No. 24tj3; see nlsn Monthly Parti& #ize, V. li. L:tMer and I). Sinclair, OSRD 119, 
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3. Dissipation of Water Fog by Intense Swnd of A~udibla Fre- .15. N/w-se1 and Persistence Properties of solid Aerosols, 
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X. Chomir>al En<qi?wrs Ilundbook, ,I. H. Perry, McGraw-ITill c. CorLcenfmtzort, oj So~rrtl for liss irb Fog D&sip&on, 
T<ook Co., 1934, p. 709. V. K. LaMer and 1). Sinclair, NDRC 10.2-6, Oct. 15, 
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p. 39. 18. Physics c?f the A z’r, W. J. TTumphrcys, McGraw-TTill nook 
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Chapter 23 
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bi1it.v Ht,udiw TIiv. lo-202.141-MI& 
The Effect of Pow Riz1: and Pow-Size Dist,ribut,inn on the l’wform- 

nnce of AK Whctlerites nt High TTumidities Div. I O-202. II l-M2 
.\n ~.~xplora~ory Bl,udv of (:nrbon Monoxide Protection ou Charcoul 

;tlrd Ottw C:-lrrici-s Div. 10-202.153-M I 
CLnis(cr Prot,ectior* :tb I rigi Concentr,ztionc: Div. IO-201.1-M23 
C:lnislcr T%irieucy OF CC Rrmovnl at, Varied I<re:kthinR L~stes 

Div. lo-20 I. 1 -M24 

Lenching and l(~~\~~l~rtlrrizat,iot~ : Their Rffrct on Wlletlel,i(8c Qur&y 
Div. IO-202.lfi-MlH 

The ~TRC of Pyidirw :~t-ld I’icoline in Gas Mask Ch>arco:tl 
Div. 1.0-20 I. I-M32 

Thr T+ITicicnt, (heratiorl of (:l~llnrnuulphorlic Acid Smokes for 
Srrccning Purpoi;es Div. lo-502-M3 

Iinipn1n.r Smoke and F’iltcr I’enetrntioll Div. lO-201.22-Ml2 

(:h:lrncterislics of Different, Models of Ohc “Owl” 
Div. IO-501.11-M4 



&port No Thlr: 
10.2-4 7 m/43 

10.2-5 H/23!43 

10.2-6 1 n/ 15/a 

10.2-7 10/18/43 

10.2-x 10/18/43 

10.2-9 1 I /12/43 

10.2-10 12/O/43 

10.2-11 I /20/44 

10.2-12 3/1R/44 

10.2-13 4/1X/44 

10.2-14 1/24/M 

10.2-15 (j/19/41 

10.2-10 10/23/44 
10.2-17 9/l 9/44 

IO.2- I8 

10.2-19 

10.2-20 

10.2-21 

10.2-22 

10.2~2:< 

10.2-24 

IO.2-2,s 

IO.2-2ti 

].1).3h-I 

I o.:j/\-2 
lo.:3/\-3 

12/7/41 

~Tho. I !)44 

Apr. 1944 

A17g. 1945 

,Jl pr. 1 043 

H/24/45 

I o/2:5/45 

10/m/45 

.I 1 /X/46 

12/E/45 

l/14/43 
l/15/43 

zn,oestigntor 
V. I<. TaMer 

v. li. hMcr 

V. K. T,>IM~I 

v. li. L:tMer 

V. TX. T,aMi.>l 

V. K. T,n,Mer 

Jd. T. duPon1 
tic h’ctncrurs ss co. 
V. T\‘. T,nMcr 

t1. House 

V. Ti. T,tlMer 

V. li. LrtMcr 

V. T<. T,nMm 

V. K. IaMcr 
V. .I\‘. TaMcr 

V. K. L:tMt:r 

V. R. l,n,Mer 

V. T<. T,n,Mcl 

V. IC. I,r~,Mer 

V. K. T,aMrr 

V. K. LaMrr 

D. M. \iost, 

P. T. Wall 
J). M. YOS( 



10.3/\-6 
10.8.4-7 

10.3A-8 
10.3,4-!I 

10.3‘b 10 

10,:aI7 

IO.H.I-19 

10.3/\-20 

10.3,4-21 

IO.XA-22* 
IO.3A-23* 

I 0.X2-24* 

I O.:3A-25 

10,3A-21; 

10X2-27 

1 o.:j,\-2x 

10.3,\-2!) 

1 o.:jh-:jo 

I O.XA-31 

~~qgcsi,c~~ Field L:I~OIX{OI.~ Method of Teding Pt~tw~nhlt: E’:tbrion 
for Rs&ttnce 1~0 Pcnc18mtiorr l)y Mr dnrd V:1por 

L)iv. IO-202.18-M2 
Meteorologicd Tnsirlunentt; Div. IO-X01-Ml 
T)ixpcrsirrn nf Cnse~ in :b Closed Court t~ncl tht: nrsign of Wind 

ol~st,ncles Div. lo-401.12%M2 
Determilrat ion of CG in Air, using Silica Gel 1)iv. 10.-402.2-MS 
A Porldrle C.:on t innons Gas Conccnt>r:ition Meter 

Tliv. IO-401.111-MI 

T. Mctctmdogicd Tns(rutncnt>s; 11. Obscrvatiorls in t)he E’ield 
Div. lo-30 I-M 1 

Mdeorologic:rl I)l)snrvn,t,inns in Conncctiorl wit,h t,he Slady of 
Smokes :ml (:>>,Ycs I)iv. IO-302.1-MS 

Micrt)meteorologirltl Observations at United Sl,:~Ics .4rmy Srnokt: 
Tests in the T.os Angeles Area, Mrtrch 17, 18, and 19 and April 20, 
1943 Div. 1 0-302.1-M8 

‘~eml,erai II~C Gr:dients and R V:dnrs in Hrln8tion to ihc Smoke 
C~oniIit,ihw in the Srtli I.:Lkc V:~.lley TIiv. 10-302-M I 

A Y1 udy ol’ Oil Smoke l’lumrt; by Mtrl,ion Pictrlrrs Div. IO-502-M8 
‘I’hr Pcrsislence nntl Pertetra~,iot~ of G:tts irl :I, Honse 

J)iv. 10-401.124-M 1 
(hncerrt rations it> Chs (:1011rB ~~ttder 1 fig11 inversion Cordilinns 

Div. IO-302.1-Ml4 
b+eritrtrnl A cm the Accumulation nf Sulfur Dioxide iIt Fox Holes 

Div. I&402.2-M 1 I 

b:q)criments 011 t,hr Mr:lsurcment or Air Teriip’:rn,tmes wil,ll 
Therlrlor:tr~lplcs Div. lo-301 .%Ml 

li~p)rl, ou I Iw Preliminary T~lvc:l;;l ign,t>iou of the MirrorllelcornloRi- 
cd C:rrnrlitions :tt, K~~noho Gmnde, Chlir. IXv. IO-302.1-M7 

TXxpcriments at t,he ~Rsncho Crrznde, July 28 and 2!), 1943, ot1 
(1) the “I hughr~ul,” ICffcct,, mcl (2, I hc lnfluerloc of Terrain m 

the l+kw of Gns (IlOll& Div. 10-302. I-Ml2 
.Z FJI~IT Phnt nKrq>hiC: Keoorrl trf the Motion nf :L Ridircctional 

Vanr Div. 10-Wl.ll-M2 

Mcrlslrrcmonts on t,he Widl hr of Smoke Clo~~ds 
Div. I0-302.l-MI:j 



Report No Da1r: 

10.3A-32 S/27/43 
10.3h-33 s/31/43 

10.3A-34 8/31/43 

10.312-35 o/14/43 

10.3A-3f IO/IO/43 

10.3A-37* O/l/43 

10,3A-38 10/2ti/43 

10.3A-39 
I lMA-40 
10.312-4 I 

12/10/43 
11/l/43 

1 /%I/44 

IO.3A-42 4/l/44 

10.3A-43 *l/1/44 

10.3A-44* 4/1.0/,14 

10.31\-45 <l/11/44 

10.3A-4fr* 5/o/-14 

lO.AA-47 l/3/4$ 

10.3A-48 fj /&/I h 

10.3A-48% 9/2!)/45 

10.3B-1 
10.3H-2 

12/l S/42 
12/15/42 

10.3&3 
10.38-4 
IO*313-5 

12/21/42 
1/15/4x 
l/15/43 

10.3B-fj 1 ,/X/43 

I0.3B-7 
I o.m-F1 

10.3~~9 
10.3B-10 

2/15/43 
2/19/43 
2/10/4:< 
2,‘15/43 

IO.3R-11 
10.3B-12 

10.38-13 

10.3TS-I4 
10.3H-I5 
10.3JS1li* 
10.38-17 
10*3H-1X 
IO.3R-19 

3/15/433 
2!lr,/43 

3/13,/13 

3/U/43 
3/15/43 
d/16/43 
,4/a/43 
4/l 5/43 
4,/15/43 

Investigatoi 

n. M. Yost 
U. M. !‘IIR( 

1). M. Yost 

I). M. Yost 

W. M. Lnt>imcr 
1). M. Yost, 
K. G. TXckinson 

F’. E Hln& 

R,. G. T>ickills:trll 

R. G. T)ickiui;on 

H. RNIRC 

Ht. G. I)ickin~on 

n. M. Yost 

w. C’. Bcllunlt~ 
A. B. Burg 
H. M. Huff~n:~rt 
n. M. k’ost, 

A. B. T<urg 
w. c:. Schurnl, 
H. M. H~rlTrn:t~~ 
A. B. HLq 
W. C:. Bchumh 
I>. M. Ycrtit 

Ti/le 

Thcrmoanuplc F:xperiments Div. IO-301%M2 
Mensnrementjs nn 802 and NIT, with the PoltnhlF: Cbntinunus Cxs 

C:oncent,rRtion Mcl,cr L)iv. lo-401.111-M4 
C:helnicnl Aualysis of Mix1 III’CF: of N 1r3 :~rld Air nnd SO, nnd Air 

Div. IO-402%Ml3 
(ktn ~.hnccntnr I,ions frorrl Line 8ouroeu in :1 For&cd Are>& 

LXv. lo-X02.2-M2 
Scale Model Skldics of the Movcrllrnt ol Smoke Rnd (ias C>lo~lds 

Div. lo-302.1-Ml5 
11 iil,udy of Smoke (&)ud~~ in H, C:o:~xlal Area; Field Experiments 

near Brnwr~sville. Texn~ Div. 10-302. I-M Iti 
A C:ompRrisnn nf Three Types of (:up bnemnmcl,crs nt, T,ow 

V(!lrrcii,irs Div. 1%3Ol.l-Ml 
Dugway Trials with thr Trot Wire Mei,e~ Div. lO-302.1-Ml7 
(&phicnlly Rccordiug Bi-L)iren(,icrnnl V:t ncti mv. 10-301 .l I-M3 
Micro-rnrIcorologic:tl ( bndit,inns al. Prisoner’s TTarbor OIL 8anla 

(:rnz Islttnd, Culiforrtirt (June 24-July 13, 1943) 
Div. lo-%X2.1-Ml9 

r)eletminntion of CX and C:G C:crncentrationti in Field Tests 
Div. lo-402.2-Ml5 

* 

Wind-Tunnel SSludim of the LXffusinn of Gas in SchcrnuUo Clrhttn 
TXst,rictr; Div. LO-401.121-M2 

Micromcteo~ologic:tl Ohservnliorls il l C.‘ouuectBinn with T)I)T 
Opcralions in Parinmn Div. lo-302.1-M20 

Wind-Tunnel Rludie? of C:~H Diffusion in :I Typical Japnrlese Urbarl 
Uslricl, TXv. IO-401.121-M4 

(‘orrele,i inn af Wind-Tuunel Studies Wii 11 Field Mcusurcrncn(s of 
Gns LXfluaion Div. lo-401.121-MT, 

The Gr:rleration of Fluorinr L)iv. lo-402.31-M2 
I~li~n~~li~-~s~~l~:IIcs :tnd Kelated (.bmpnrlntls, VT 

IXv. IO-402.3l l-Ml4 
New Toxic Gases, V 
The Generatiou of Fhlorine .I.)iv. lo-402.31-M2 
9 Rcporl r,n I+%~ophosph:tteti rind Rcl:l,t,cd C:c.rrrlpounds, VTT 

Div. IO-402.311-Ml4 
?;i (rugen I~Xminn,tion in ITigh AlOilude Kehrenthcr 

L)iv. lo-203-Ml 
The Generation of E’luorinc Div. IO-402.:31-M2 
Nrw Toxic Gases, VII T-Xv. 10-402.3 I I-Ml5 
ThelTd nn,t:1. on T<r%- I ci 
Nitrogeu I~Xmin~,tion in FTigh Al lituda l~et)rc:~t,hc~ 

Div. lo-20%Ml 

T)i;. lo-40231 I-Ml 5 
JXv. lo-40!2.31-M2 

Thermal D~(,H on RR-II rind KH-ID TXv. IO-402.3G-M7 
New Toxic (:>~~LscFI, IS IXv. IO-402.311-Ml5 
The Gerleration of Fluorine Div. 10-402.31 -M2 
Sil,rngrrl .b:lirrlirlatiou in High Alt,itjllrlc Rrl)rcx:tt her 

Div. 10-203-M I 
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lieport No. 

10.3B-20 
1 o.an-21 

10.3K22 
10.3w23 

10.3l%24* 
l&3&25 

1 o.:m2ti 

10.3%27 

10.3K28 
10.313-29 

10.38-30 

1 o.:m3 I 
10.4-l 

10.4-Z 
10.4-3 

10.4-4 

10.4-5 
10.4-G 
10.4-7* 

10.4-S 

10.4~0 

10.4-10 

10.4-I 1 

10.4-1.2 

10.4-13 

10.4-14 

10.4-15 

10.4-16 

10.4-17 

10.4-1x 

10.4-19 

10.4-20* 

Date 

5/5/4t3 
4/l 5/43 

5/15/43 
D/15/48 

6/l 5/43 
7/t 5143 

(i/l 7/48 

7/15/43 

7/l 5/43 
S/15/43 

S/15/43 

S/15/433 
12/17/u 

12/l&/42 
12,&S/42 

l/15/48 

l/15/43 
l/15/43 
1 /I 5143 

2/10/43 

2/10/43 

2/10/43 

3/12/G 

q/11/43 

3/l o/43 

-L/t/43 

4/l 5/4x 

4/9/S 

d/13/43 

5/I /43 

S/10/43 

4/l /43 

1o.u I G/15/43 
10.4-22” fi/l/43 
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Heporl No. 

10.4-23 

10.4-2-1 
1.0.4-q’,* ‘2. 

10.4.26 

10.4-27 

10,4-28 

I 0.4-29 

10.4-30 
10.4-3 1 

10.4-32 

llatr 
O/IO/43 

6/15/43 
li!24/43 

s/27 /43 

7/l0/13 

7/5/43 

7/8/43 

X/l/U 
x/10/4x 

s/2/43 

9/C/48 

!>/15/48 

8/l //43 

I O/4/,43 

10/14/43 

I o/20/43 

I I /1.5/43 

11/l l/43 
I I p/43 

I2/7,‘43 

12/8/43 

12/l 4,‘48 

I p/44 

I /20/44 
l/15/44 

la/al /43 
l/15/44 

2/14!44 
z/7 /44 

3/13!44 
2/l/41 

3/q/44 

3/l /41 

3/30/44 



Report No. Date 

10.4-57 
10.4-m 

10.4-S 

10.4-60 

10.4-N 

10.4-62 

10.4-tjQ 

10.4-64 

IO.4-6.5 

10.4-66 
10.4-67 

10.4-m 
10.4-N 

10.4-70 
10.4-7 1 

10.4-72 
10.4-73 

10.4-74 

10.4-75 
10.4-78 
10.4-77 

10.4-78 
10.4”7!1 
10.4-80 
10.4-81 

10.4-N 

J 0.4-x3 

10.4-84 

10.3-l 
10.5-2 

10.5-3 

10.5-4 

10.6-S 

10.5-(i 

4/10/44 
4/15/44 

4/3/44 

4/w/44 

Investigator 

.I. C. Hailer, .lr. 
A. B. Burg 

Tk!rca!x I’nwdcr (>o. 

H. Ii’. Johllst>flue 
15. 1,. Le’l’ourrle:Ll.l 

5/14/44 

5/8!4:1 

5/l/44 

(i/5,/44 

6/30/4-C 

G/15/44 
7/4/U 

7/15!44 
g/7/44 

1Iercules Po\vdrr C’n. 

IT. F. Jolmstmc 
Ti:. w. I:omings 
Herculet; Pcrwdcr C’c.r. 

A. B. Burg 
I Terculas PrrMdcr C’n. 

A. B. hll'g 

Hercules Powder Co. 

H,/14/4 I A. H. f<urg 
g/4/44 TTcrcrllcs Pnwdcr (h. 

!)/I,?,/44 
!,/ I /44 

10/l/44 

n/15/44 
10/l/1/44 

g/25/44 

A. IS. Burg 
J. C?. Hnilar, *Jr. 

I I/15/44 
12/14/44 

l/13/45 
2/20/45 

H. F. .Inhns:tnue 
W. H. ltodebufih 
1%. F. JohrraLonc 
.A. IL nurg 
Mnnit,inns Dev. Lab. & 

TVA Hcn,lt,h nud 
safety Dell:trtmelll 

A. H. Hurg 
A. n. rhirg 
A. 13. h-g 

IT. F. .Inhnstnne 
lc. il. Ford 
1’. A. Pitt 

R.. I. Rice 
H. 17. Hrubecky 
11.. 1. Iiice 

J<. York, Jr. 
R. ,I. Kunz 

I’. H. Emmet,t 

R. .J. Rum 

R. York, .lr. 

T%t1s 

Pl:tr;licizcd White Phosphorus (PWP) Div. lo-504.21-M5 
S~,akilier~,t,inn of (>ynrrogen C: hlotdt: :md Hydrogen Cyar~ide, XI 

Div. lo-402.34-M3 
The Dcvclnpmcnt, nf a IUing Misturc for Hmokc Pots, Grenades, 

:tnd Flnsts Div. lo-501.21-Ml. 
The Prnduct,ion of Aerorol Droplck below Twenty-five Micron 

Dinniet>er for the DiBpurE;:LI of Insccticidefi snd C:W Agents 
Div. lo-lio2-Ml 

C’l:trrlc-D:llnping of Hydrogeu Cyatlidc, VII; Mtnbilixntion of 
Qn,nngen Chloride XII L)iv. 10-402.33-M I 

The Developmen of :t Filling Mixture for Bnloke Poi,s, Grcnndcs, 
n,nd E’lcrats Div. lo-501.21-Ml 

L”llel T<locks fnr I,hr Model (i-8 Thermnl Gcncr:&~r Hnmh 
Div. 10-504.1 l-M2 

The Lkveloptnerrt of :L b’illing Mixturc for Smoke Pots, Grcn>18dcs, 
arid Ploabij Div. IO-~01.21~Ml 

I”:tctorc; Affccl ing t,hc Thermnl Stability of Plast,icizrd Phosphorus 
Div. IO-504.21-Mli 

RI,:6biliznt,inn of C:yatlogerl Cltlddc, XIII Div. 1 O-402.34-MS 
The LkveloptrlcttO of :I Fillitlg Mixture for Sm(rkc Polx, Crcnndes, 

nttd .C’lo:rI,s Div. lo-5o1.21-M 1 
8t:lbilizatinii of (:yuttogrll Chlnridc, XIV Div. lo-402.34-M3 
Thr: Development, of :L h’illing Mixt,urc fnr Smoke Pots, GI*ct>adcx, 

md I~710:Lts Div. IO-501.21-Ml 
Ht:~,biliznt,inn of Cy:tttogcn C%lnrirlc, XV Div. 1 O-40%.34-M3 
The ~h!vclop~nc~tt of n Filling Mixture for Bmokr Pots, Creuades, 

arld F’lo~lts Div. 10-501.21-M I 
Ri.:lhili~R(,it.)ii of (:yarrogert Cttlnridc, XVI Div. lo-402.34-M;< 
Tlic I>cveloprnerit of Plttslicificd Whit,e Phosphorus, IV 

Div. 1 o-504.21~nu 
Thr To\riri(y of DDT IUrns :tnd htrosol Dcpnsi ts 

Div. 10-602.2-M I 
The Burning Prcrpcr(ics :tnd Anti-Persounel l#fect of PWP 
Stabilization nf C:yrumgen (:hloride, SVII Div. IO-402.34-M3 
Teals wiOh :tn Kxhnust .4erosol DDT Gcncr:tt;or on n. 4.50 TT. P. 

Stcarrnan Aircmft 

St,nbi!iznt>iorl ol’ Cyanrrgcn C~hlnride, SVlll 13iv. l&402.34-M3 
Stnbilixaliorl of C$~rmngen (:llloride, NIX. Div. 1%402.34-M3 
Slabilixalitm nf Cynnngeii Uiloride, XX 13iv. lo-,102.34-M3 
Tllc Zpparcnt, Viscosity of PWP Div. lo-504.21-Ml0 

The Tdlpipe Cornbusl,ion Unit tn Increase the Kate of Smoke 
Production crf TEM-3 I#:uhnust Gerlerat80r Div. I O-Ml ,203-M 1 

Diwcl,icms for Installntiorl and Oper:tlicN nf Fxlmttst,-.Type Awns01 
Gcnrratnr on “.leep” Div. lo-602.122-Ml 

Inst8n,llxtion of arr Exha~rsl DDT hcrnsnl (Ienerrttor on tho (:argo 
C’nrrier M29C !Wcascl) Div. to-602.122-M2 

Aclivatinrt of C:nrbnnized Pre+t,o-Jdtrgs Div. lo-202.13PM2 
Summary of lnvestigrttionc; by (hc Rnginccring Pilot Group, X 

Div. lo-202.131-M5 
Adsnrpt,inn of N itrcrgerl on CWSN 13:~c Charconls 

Div. lo-2o2.11-M8 
Summary of Tnvcstigntions by the Engiuecr’ing Pilot, Group, XI 

Div. IO-202.1-Ml0 
Sutnmsry of lnvest,ig,ztious by lhc Engineering Pilot Group, X11 

Div. 10-202.1-M 10 
hctiv~ation of Charcoal iu n Tkding-13cd Furunce (second report) 

Div. 10-202.13-Ml3 
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10.5-8 

10.5!1 

10.5-10 

10.5-11 
10.5-12 
10.5-I 3 

12/l/43 It. York, Jr. 

12/10/43 R. J. 1Curu 

12/16/43 R. York, dr. 

l/15/44 .K. J. KiullZ 

(writt,en 7/I /43) 
12/N/43 

11/12,‘43 
l/IO/44 

10.5-14 2/l/44 

10.5-15 I /I o/44 
10.5-16 2,/10/44 

10.5-l 7 2,'10/44 
10.5-18 3/l/44 

10.5-19 3/10/44 

10.5-20 3/l /44 

10.5-21 3/14/44 

10.5-22 3jlC)/44 
10.5-23 3/R/44 

10.5-24 3/25/44 

10.5-25 3/20/44 

10.5-26 ,1./24/44 

10.5-27 4/m/44 

10.5-28 

10.5~‘20 

10.6-30 

10.5-31 

10.5-32 

10.5-33 

10.5-34 

s/15/44 

4/10/44 

5/c/44 

s/.10/44 

s/10/44 

5/z/44 

(i/10/44 

Thr: T’,ffecl of thn hct>ivnt,ion I’roccss on t,hc Nitxogcn Adwrpl,ion 
rind Whetlrrite Propertics of P(:l rind (>nrlisle (:hus 

Div. lo-202.11-MD 
8umm:try ol ~I~~vesligat.iorls by the Engiwerirrg Pilot Group, XIII 

T)iv. lo-202.1-Ml0 
Act,ivtLt,i( ,n of C>:u+rrnizcd Pcxh Fib and TGck W:~Irmt Shells in 

P(:l Retorts L)iv. 10-202. I S-M3 
Jr’reliminnry Iksigu :wd Cost bhtimnte for Five-Ton-prr-T>ay 

AcOivaiiorl Plan1 Dased on Jigglcr Prncrss Div. IO-202.131-Mti 

Port 8iec All crn,tiott rrf C~h:vconl Div. 10-202. I1 l.-Ml 
Summary of lnvest,ip~tioiw hy thr: 16iq$neering Pilol Group on 

C’rtrborli~~~ticrn, Activation, rwtl Whetlerizat~ion, SIV 
JXv. IO-2n2.1-MI0 

Zinc (:hlnrirle-Activnt,ed Wood (:llarcoal, il l Div. I O-202. I S-Ml8 
.4 Modified Boiling-herl l~‘urunce for (:hn,rco~,l Anlivuliorl by 

Steam, 1l.f Div. 10-20X I S-M20 
Surnrnary nT Trrves(,iga(,iI.rrIR by Lhc l+:rlgineerirk:: Pi!ot, (h:)up ore 

Ca~borrl~,aliorl, Ac(ivaLioll, :uid Whe(Icrix:ttiori, YVl 
T)iv. IO-202.1-Ml0 

Sit>rngen Blufn,ce Aren, Mcnwrement~s nn R Series OF PC1 S:tmpIes 
Sl&jerted to Yt8e:tm Actixwtion for Vnrinns Pwiods of Time 
(lo Nov. I I, 1943) Div. 10-202. I :&Ml9 

A S11ld.y of I.hr Rflcal, of lJrliforrrlil,,v of ActIiv:horl of Sieve lhct,iorls 
m (X: Gnister I’erformnncr for Mistures of FC:T C:lrarconls 

Zinc Clhlorirle-Activnter[ Wood (:hwcor21, 1V Div. IO-202.13-MIX 
Recl~m~rt~~ion of Type A Whetlerit,e Uiv. 10-202. I (3-M4 
The Effect of ‘l’ime and Tempern,t~ure of Act8ivation on t#hc Prrrprr- 

1 its c-rf PCT Clrarntx~l .Aci ivaled in r,hc Jiggle!. Pilot, Plnnt 
Div. lo-202.131-M8 

Activation of <:hnrconl by t,he Jig&r Process. A RI1 rnnury of the 
lLeslllt,s Ohtninrd in the Tpirst, ‘l’wn Pilnt, Modcln 

LXv. 10-202. I3 I -M7 
A Bys(crrlaiin Study of Pressure T)rol, iu I+& of C:hn,rcnd 

lmXv. lo-202.11-Ml0 

A11 Invcstigat,ion c-rf Ihc ApplichiliOy of AK-type Wbetlerizing 
I~:qnipmmt, t,n ihr I’rcpar:~l,inn of .ASM Whchite 

Div. 10-202.12-M 13 

Zirw Chloride-holiv:tted Wood C:lm,rco:tl, V L)iv. 10-202. I :3-M I F1 

Tlw F:ffccO ol T~ackfeeding WI the Quality of ,4SC: Whd,lcri~c 
Div. 10-202. I {I-M5 

Smnmwy of Tnvcst,ig&orm hy lhr: tihgirwerirlg l’ilnt (:roIlp ors 
(::trt)onizn,t,ior1, Activnt,inn, n,nd Whcilcrixalion, XVIII 

Div. IO-202.l-Ml.0 

Xirlc C:llloride-Activ:tt,ed Wood ( ~hwxxt!, VI 
L)iv. III-202.1:<-Ml8 

Zinc (:hlorirIe-Act.iva(,ctl Wnotl Uwwal, VTT 
Div. IO-202.13-Ml8 



lhyort No 

IO i-75 ** I. 

Y 0.5-x 

10.5-37 

10.5-38 

10.3-39 

lo..;-40* 

1O.L41* 

lO.:i-45 

Y0.L43 

10.5-44’ 

10.545* 

10.54ti 
10.5-47* 

10.5413 

YO..i-49 

h/r: 

7/14/44 

7/10/44 

fi/30/44 

7/N/44 

7/K/44 

8/4/44 

8,fl:i/44 

8,/14/‘44 

S/10/44 

S/15/44 

x/15/41 

g/10/44 
g/30/44 

I I /zo/41 

I I /24 144 

Tillr~ 

(karboniafttioth of l+:ccI~ Pits :arul Their I’repn,mtion do AK 
Whrtlcrit,c Div. 10-202. I34-M4 

‘I% Rc:~ci iv:d ion in Oxygen of C>WS Charco:rk 
Div. lO-202.1%M2 

.4cliva(iou d C%arcoal by t,hc ,liggler Process. f\ Surnlnary of 
Kasull pi Ol)klincd in t,ho Fa%lrt~h (Metal Tube) Pilot Model 

Div. l(l-202.131-Ml3 
Find Lksign rind C:osO J+;s( irnulc for :l, Two-Tnn-per-by Ac%ivulol 

IJtiing lhe “Jig&r” Prrrccs,s L)iv. I 0-202.131-Ml2 
Zinr Chloride-Ac( ival cd Wed C:hn,rcod, S Div. I O-202. I :&Ml8 
Zinc Cllloridc-.~ct,ival cd Wood (.‘hn.rcod, E’ird Report, 

Div. IO-202.1X-M24 



W. ,I. WYATT 
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w. c. PIEIiCE 
W. IT. RODEB~JSH 

(3. L). WAGNXR 
W. I). WALTERS 

T. M. ,iOHNHTON 
R. T). MAUIHON 
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H. H. T,owa~ 
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1. R. tkfiON 
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Ti. s. PI’IXKR 
A. B. R.AY 
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J?. w. Scauw5 
T. K. SIII~RWOOI.) 
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It. IC. WTT.RON 
w. P. YANT 
T. F. YOUNG 
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1. LANGMUIR 
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SECTION R-5 
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W. D. WALTEHS 

W. I,. MCCABE: 
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W. Tl. TI.ARKINS 
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A. R. RAY 
T. D. ~TMWhR’l’ 

I. T,ANI:MUII~ 
L. PAULING 

M. T. ~‘STTATTCTTNESSY 

I). M. YOST 

F. T. GTJCICER, .JH. 
H. II’. vJOHNSTONE 
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w. c. PIEW!rn 

W. n. TTARKIN~ 
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1,. S. KA~SEL 
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A. B. 1tAY 

c. bi. KEEIJ 
T. D. STEWART 
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Contrccrt No. 

NTxrc 13 -. 

NL)(:i-c-‘2% 

Nroc 33 
NIxkc-47 

STwrc-49 
NMh-Bf, 
NLXrc-70 
Nnclc 7 I 
NTKh-76 
lND(:rc-104 
N TXm---I OH 
NTlCrc- I OH 
1NlXrc--109 

NL)(L-c-112 
NIXro -113 
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Nl)( h-l 3x 

“Nrmc- I.54 
ND&-16Tr 
NM !rc 167 
1NIXrc I71 
XrK:rc-2ox 
OlCMsr--16 
OKMsr--22 

OEMsr -28 

OICMsr-5’) 
0E:Mt;r 83 
OF,Msr--102 

I hiivemitg of Illinois 

IIniversit,y of Virgini:t 
Pennsylvania 8I~l,r Chllrgc 
1111,rv11rd Cnivcrsitjy 
University of Michigan 
Llnivcmily nf Chlifnmifl, 
Xrrrthwestern TJniversity 

of Technology 
Hnrvrtrd I!nivenjity 
Arthur D. T,il I lc, Itic. 
Fnivcrsity nf Illinois 

CLliftrrnin, Institl~t,e 
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TVnivcrsity of Illinoiu 



WNTRACT NIJMBERS, I:ONTRAC:TORS, ANL, SIJB.JECTS OF C:ONTRA(:TS (Conlir~~tl) 
-:.. .- 1 

Contract No. Contractor Xuhjrt~l 

OEMsr-116 

OEMsr-131 

ORMsr- 142 

OF:Msr-148 

OTi:Msr-22 I 

OF:Msr---226 

OHMsr-236 
OKMsr-251 

OEMsr 272 

OF:Msr-2W 

Carnegie lntjtitute 
of Technology 

Gcncrol Etcctric Cbmpany 

Mrrvel, TIW. 

Cblumlrin, llnivcrsil y 

(Wiforui,z instit,ute 
of Technology 

ArO1~r II. Ttitl,tc. Int 

The prepnratiou of smokes xnd experimental titudy of their propertieti. 
,Stspplrw~,wt~ 1: The preparation of srnnkcs rind expcritncnt,ut sl.udy of I,hcir 

prq’ertics, and IO prnducc field 11 nils for prnductinn nf screen smnkcs, and 
lo carry nlit related field i ests. 

K~applr:nrrrrl 2: (i) The prepnrat,iorl of srnnkcs :md cxpcrimcn t $11 sOud,y of thcif 
propertics, (ii) to prnduw field unit>s for production of tlcreen RrnnkeB nnd to 
c:trry nut reInted field test,a, xnd (iii) st>udy ilt conffecthff wilts the determim- 
t,inn of the screening power of certain srnnkcs ondcr mnnnligh0 Rnd sbrlight 
i11uminn.i ion and (lfc iffvesOigu( ion of lhc ability nf the normal eye to dctccl, 
cont,rnst nndcr ~iicli con&t inns. 

~‘hrpplrmcnf J: Extension of t,ime xrld rtddilion of fllnds. 
B~pplcnt~n~ 4: TIw rcn~vut of :~crnsrrts fmtn air by filtmt8ion. 
S’7cpplm7mta 6, 6: T~:xl,cnsinn of 1 ime. 
L)evclnpnlent trf :t practical device l”crr I,llc I)rnduct,inn nf screening smnkcs. 
,Suppl~~~~/ I: J3cvcloprr1er1 I of :L practicn,l device for t#he production of screening 

PIUO~PR, t,hiti dcvctrrpmrn1 lo hc hnsed on :t I:tbor:t(ory device now in existence. 
Strppknwrrt d: 1)evelnpnient nf ft practicul device fog 111~ pfduc(inn d scfccffing 

timnkrs, this developrrferrt to be lrancd on R lnhnrntnry device now in cxisi cncr, 
a tld also t tic devctnpmrnt of :I smoke bomb. 

Ahpplerr~wl :3: Kxtenninn of time. 
Me,zsurctncnt or particle size and partictr size distrib~ltion in rteroi;ols ~,nd the 

produci inn of screening smnkes. 
Rupplwwrrt 2: (i) Mca,surcmcnl, of particle size and ptrliclc size disl~rihul~iot~ in 

aernsols, (ii) t,hc produrtiorl of screening smokes, nud (iii) the prodllctinn of 
suitable smokes ftrl, spcci:rt screening purposel;. 

rSupplYruct/f d: (i) M ensuremtlnt of parI ictc size mil particle size distribution in 
rtemsrrts, (ii) (,hc product ioff of scrcming srnokq and (iii) the production or 
suitrtblr timnkcs for spcciril scrrrning purposes, and (iv) Ihc di!vctnptncn~, trf 
dcvicev for t,he prodnct,inn of screening tirnnkcs. 

~Sttpplr~rrrerrf 3: (i) Further stltdies off :~.cr~~sds, nnrl st,lldies and experimental 
irlvestign tinns in connccl,ion wit 11, (ii) the evatuaticrn trf sctccning stnnkcs rind 
Ohe development of inst,rumeut,s for their evalunI,inn, (iii) t,ha dispersion of 
t,nsio solid8 as aeros& rtflrl t,he ev:tlu:rt ion nf the nerntinls sn prodllced, rtnrl 
(iv) the dcvctoptnent, of scrrrtling smnkc Rmerntors. 

4YtrpplemFnt 4: TCxl,rnsirrn of (ifnr. 
~Ctq~plwrze~~t ‘6: lnvest,i,sptinus in cor~rfectioff wil h (i) nernsnls, (ii) the evnluntion 

of screening slnokes arld the dcvctnpment, of iustrunlerrt8t; fol, t,heir ev:tluat,ion 
in t,he field, (iii) the dispersion of toxic soli(ls :W n,ernsnls nud the evnluat,ion 
of t,hc acrosuls tijc1 prcrduced, (iv) Ihc dcvelnpment of acreeniug smoke genet’- 
ators, (v) t,hc cv~lurr I,ion rind improvement or crrlorrd smoke signals, (vi) the 
rzppticatiou of aernaoltl t,o irlnecticidnl ffsw ~ntl nthw misrellaueous uses of 
military ifnpurt:tfw. 

The product>inn :mrt st,o,hiliz,ation of srrrokrs and fogs. 
Mechanical formn,tinn of smokes, irrcluditlg the Tortnnl iotl nt’ toxic sn1nke.q and 

snrccning smokes by nIc:trls of large-scs,le, high-pressure sprays. 
I’fvtmf3l,iofl d aupcrfiric ol*ganio fihcrs of I or 2 microus di:miet8er. 

S~pp/en~n,f 1: ( lnndiirting ,st,udies arid experitnenl:Ll inves( igaOinns in connection 
with (i) the ptqert,ics of :tY,sr:)rhcnls for crrl:nin toxic gores nnd the behavior 
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C:ONTUC:T N IJMRERS, C:ONTRACTORS, AN r) HUB.IECXS Olr‘ CONTRACYl’S (Co&zued) 
-_- .- .-- ~- .-. _= -~. ..-.. ~. ---~.. ..-. --. .- -- .-. .-.. .-- 
Codm-t No. Contmctor Subjl<r~l 

.~, --. ~ ~ ..~ --,~ ,, ,--- 

oTm3~ -290 l’niversil y rrf Illinois 

of :tbsnrhents, (ii) Ohe pi-tq~nPntjion of nar(,zin toxic gases, (iii) the development, 
of oxygen-LrcR thing equiInneut and cnrbon irnpregrln(cd clothing, (iv) the 
rrssembly and nper:tt,intt of !L c;rnaIl I’ilot jigglcr nctivalinn unit,, (v) the opera- 
t,iorl nf n, small-scale pilot8 plant, for t,hn cuperiment al IXnducOinn of crude chs,r 
from domeslic raw rnntlcrinln, wiOh q,ecinI ernphnGs on colnr ns p:u’l or nl1 of 
the raw mtl.teri:tl, (vi) t,he dclcrmirintinn nf factors Rffect,ing the field use nf 
chcmicn,l w:trfat*c B,Rentti, and (vii) tllc hrhnvior, prnductivo value, nrid d&n 
or cnniaterti. 

S~rpplemenf 2: I~~xterwitrn of time. 
ti~uppl~~rrl 3: (viii) Method nf impregnulinn of uharcnal on a pilnt, $mt, scrdc. 
Bqq~lerner~t /t: Rxt,ension of time. 
Sapplemcr/L ii: (i) Tha propert irs :I,nd ~)r’eIar:l,tion nf activated charco& and 

whellcrites, (ii) rchrenthers. n,nrl (iii) lhr. field use of chemic:tl wnrfare agents. 
A’upplemnt 6: (i) The prrp:rm,tion :tnd propertics of charcoals n,nd w-hetllerit,es, 

(ii) cnninter levt,ing and deaigu, (iii) field use of chemical wn,rf:trr agents. 
,St~pplemenl ‘7: l~~xtr:nsirrn of tirrlr. 
h’upplorrwnt 8: (i) The ~)rrI~n,rntion atIt propertics of chnrcnnlu and whctlerites, 

(ii) c:tuia(.cr testing :trlrl denigu, (iii) field use of chemicn,l waIfarc ngenta, und 
dclivcry of rnc.&ls of such cqtlipincnl HS may l)c devrl~pcd 8,nrl s:tmplcs of 
such shsnrbenl,s 9,s may lrr I)i-oduccd. 

Supplrmenfs !?, and 10: F:xt,ension nf lime. 
A sludy of t,he Prcptlr:at,ion of cntmpomd I 120, I,ar(.iclllnr.ly ldlrnu~h the USC of :t 

rcgcncmtivr nhctnicnl. 
S~rpp/c~&s 1, 2: Exlcnsinn of 1 ilnr. 
S~pp/~~rrl 3: (i) Thr I”ep:tratjinn of :t ccrtn,in cnmpotmd ant1 rleriva(ivcs for 

use >LY ww gas, n,nrl (ii) modified fillings for xtnoke nrunitlinns. 
LSq~plcment /t: l?xt,eusic)n of t,ime. 
Klectrical disI)rraion trf oil, clay, n,ud o(ltrr materials t,o I,rc:rduca n acrcrning 

srnnkr. 

The dcveloprrtcr~ I, of very fin{> filarllcn ts for IW nr KUS mask filters. 
S~~,pplrm~( 1: Kxtensitrll of time and nddil im of funds. 
Met>huds of fnrmntion nf toxic smokes. 
~Supplr:mnf 1: E:xljr:nsinn of ( irrm. 

T)cvclopmerr(. nf nn eleci rolgt,ic fluorinti grrlcratnr th:~l N il! ptw11.1~~ one I)ound 
of fluorine I’er hour. 

Stcppkmf:tt,t 2 : .2ddi t,inti of rurd+. 
The production or screening smokes and fogs wit>hout Ohr use or large com- 

prcssnrs, :uld tltr stabilia:l tinn of such smokes rind fogs under field conditions. 
S”tpplemm/ 1: The I~roduction (.)I screening smokes and foRti wilhnrlt the use nf 

large comI,rcssrrrq rind t,ltr st:tbilizn,tion of SI tch smokes rind fogs lrnder field 
coudili(.,tlx, nntl I.hr stjnhililz,v nnrl I)erFistence of bxic HrnnkPH or sirnulrlted 
agrnts. 

SlcpplrwLerLfs 2, ,5: I~;xtc*rbsinti of 1 inlc. 
.Y~pp/emer~t 4: (i) Tlrc prodnctiun of scr(Bctling smokes 2nd fogs wit8hout lhc use 

of large comllrcsaors, (ii) 01~ atnbilialt,ion oC such srnokcs and rtrgs under 
ficlcl cnnditinns, (iii) thr Pi,nl,iIity and I,ersislence of loxic smokes or simuI:ttcd 
ngeutt;, and (iv) field met~hods 2 dispcr3ing clif:rninrll wnrfarr: ngenta. 

StcpplmEnt 6: l~:x(msiori d time. 
Thr: use of two gn,ses fiirrlultltrreously or irl wquewe ill chemical wn,rfnre. 
,S~rpplwurwt 1: Tlie usr of twcr g*sers sitntlltrzrieously nr in scqucnce in chrmicttl 

warf:trc, (ii) the I,crfnrmanca of whcUcrite against, cynnogcn chluridc. 
A’~rpplewten.t 2: (i) The WC nf two grscs simuli tmeously or in seyuencn in chrrnicnl 

wwftw:, (ii) the pwformarrcc of whctlerite against cyanogcn chlot%le, md 
(iii) new mrl,hnds of irrlpre~nnticjtl of chnrcnnl. 

r)cvelo~m~cr~i nf statitnlnrg oil stnnke gcnrrrzbrs. 
S”~ppternerr~ I: (i) r)rvelopmcn t, of sl:t( ionn,ry nil Hmoke gcncmtori;, (ii) the 

devclqm~ellt8 or Innt>or truck smoke gcnerntors. 
Supplfww~f 2: Esl,rnsiorl of 1 ime. 
Sfrppbmenl 3: (i) Stat,innnry oil smokC generators, (ii) small I>nrtnble oil smoke 

geuer>tt.nrs, (iii) exhaust>-type nil srnnke genr.rat,nrs for aircraft, :tltd (iv) modi- 
fica,i,inn of tltr color of 01~ smoke prnducctl hy nil smtrke generators of nny type. 

S~q)plrrnc& /r: (i) St:t(innrtry oil smoke gcnerat,ors, (ii) timall p&able oil smoke 
gerier:ttors, (iii) cxhr>nst,-t,ypr! nil smnkr: Reiierators for :tircraft, (iv) mndificn- 

- - “ -  
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Con,fract No. 

OKMxr-586 

OlZMsr 587 

OEMrr-5x8 

OEMsr-GBO 
ORMsr 676 

OlCMtir--713 

OKMsr-889 

Oli:Msr 917 
OKMsr-!I48 

OEMsr 1004 

Htzrv:I,rd I’nivcrsity 
Victor (:hcmical Wor*ks 

linivcrsity 0C (:nliforni:l 
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Srr),plr~rvrt:,rrs 1, 2, 3, ,J, 5: Extension of 1 ilnc. 
(i) Tmprovcrncnt, in design nnd perforrnnnce of the LIeVilbiss rnodcl WE smoke 

Renern,t,nr, ti,nd (ii) engineering dcvclnpment work on ol her smoke ganerxtors. 
The improvement of ac(iv:ttcd chnrcoxls (pat.Oicul:~,rly the zinc chloride type) 

:wd whcl,lcriOc. 
~SvppErrnmt I: Ext~ension of (irnr. 
Sktdieti and rxprrirncn (al i nvestigntions in cor>ncctjion wit#h the circulntion or :ti I 

in sihst,ha such n,s would be enccrunkrcd (i) in the applicaliort of certain 
mcl,hods for the dissipation of fog over ail+iclds, nnd(ii) in the uijc of gas warfare. 

Strpphnent I: Ext8enuiorl of tirrlc :rnd addition of funds. 
Supplerrwt~t 2: (i) Urculelion of nir in situalions sllch w would be e~lcounl.crctl 

in the qq>li&ion of certaiu methods for t,he dissi pat,itrrl of fog over a,irfields, 
and in the uw of gas warf:rrc, (ii) l;he impt,ovc!rncnl. of equipmrnt used in the 
dissipation rrf fog ovrr airfields. 

~Supplcmwd 8: TCxtcnsion of t irne. 
LS?qqJiernsnt ,$: (i) Circulatiorl of air in situations such tts would be erKWuI1tered 

in t,he :tpplic:ttion of ccrlflin methods for 1.11~ dissipntion of fog over airfields, 
>I,nrl in i,he use of gnu wnrfarc, (ii) 1,hc improverncntj of cquipmmt, used in t#he 
dissipation of fog wCI airfields, rt,nd (iii) local winds rr,nd cloud cover ovcv 

solectrd Jay:tncsc I,n,rgct :UWLS usilq small-scnle models in :L wind lu~tncl. 
S~pplurwr:rl/ 5: TCxt,ension of t,irne and ndditinn of fundi;. 
(i) IIcvelnpment, of, from p:~‘ci:llly completed models 8uIbplierl by C~olurxii.ri:l 

lirlivrrsity under Conl.rrzct, OEMsr 148, one nr more finished &signs of light- 
wcighl,, comb~lst,ion-type oil smrrkc gcnrmtors of apprnximntely 50 gal/ht% 
c:tpncit,y, elirrlin:tt ing if pssibla the use of waler 3,s n,n operat,irlg fluid, (ii) fahri- 
c:tIc 3 or more rcplicn,a of the preferred design for Wtij by Ld~c Armrl Hcrvices, 
m~tl (iii) conduct r~earch on furl 11cr smoke- gellr?r:tIors or nt)hcr related equip- 
merit 

*~upplerrLPnl~s I, 2, 3, 4, 6, 6, 7: lCxt,ensir>n of Oimc. 
L!llr:~, fine cc11111os~ acetate fiber-l):tt i :1n(1 1 hr production of IO0 RI! ft, t#hereof. 

(i) The product ion >I,nd c~vnluation of :~~ro~o1s for killing insects, (ii) :I, method of 
cvn,lun,tinK Hmoke generated lry smnkc sip&, :tnd (iii\ thr production of 
colored t;rnokes. 

*S’np~‘I’~rr/‘,“ts I, x, I , Q Y 4, 5, ‘i, 7’: Extension of time n,nd addition of funds. 
Thr dcvclnpment8 of devices for 111~ generaCon and dispersion of scret!rling 

smoke and insccl,icidHl acrnsnls on the service-l,ypr nirpl:ines. 
Rlrpplonants I, 9, 3: Extension of timr. 
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The projecls Met I below ww~: transmitted to 111~ Exccut~ive Secretary, 
National Dcfcnsc Itesertrch Committee, NDRC, from the War or Navy 
Department through either tlw War Depttrtmenl IGwn Ofice for t;hc: 
NDRC or the Office of Research and Inventions (formerly the Co- 
ordinstor of Resaarch and Devclopmont,), Navy Dep~wtmc~nt. 

_ -.--m--- ._.__ 
Sernice Project No. S*hjwt 

_, 
AO-10X 
AC -125 
CWS-I 

CWS7 

cwx-& 

CW%lR 

CWS-16 

cws 17 

cws-24 

C WS-26 

CWS-27 
NA-I 06 

NA,-164 
NE-104 
&L-RI 

ACI’C)RO~S, Getlerrttion, .~nd Prccipit~at,ion. Clnllcclion or Cundrtmentni scientific informrttinn on the dit+ 
seminti,t,ion of part,ir:ulnt,r clouds from solid me,t cri:&, and carrying oul of experimentd work 
upon which 00 I~tse furt,hcr improvement, of mmlilicrtls cnlployed t,n gcncrale t;mokes and the 
development, of improved prot,ed,ivc dcvioel; used for i,hc rrtntrval of nmoke pal i&s from t>hr A,ir. 

I’:xt,endcd In include disprGc-)n of fogs. 
Plxtended t,n ineludc T)ispersnl of Trrscct,icidr:, and Rndrnl icidcs. 
Exlcnded t,o inclllda Development of :1. Hmokc Grrrerat~or incnrpral ing either rt prchcat8ing Byst,em 

for lhc oil 01’ :t Recnndnry combuntion syst,cm for the exhaust g.l,scs. 
b’undnmental hdy of (:a~ Mask hbsorbmts. Thr: collection, evn,hmt,inn, rind bt,inK of all avail- 

able infrrnnnliun influencing ihc draign of gns mn,sk cmiskts. The fnrmul:Lliori of nibs from 
lhe data collecl.cd wit II :t view to pimplifyillg t,he mnnllfs,clurc of such equipmcnI,. 

The Gcnetation of Colored Smokes. The sludy HII~ develnpmcnl of more rfficient, means of dit+ 
seminal,i ng colored smnka cloudy, prtrt,iculnrly hlnck and orrtnge, for cct’hin marking purpnscti. 

Ttnproved Filt,cr Materials. To devise detailed mcthnds of improving thr msnuf:tctnre of axist,ing 
Oypet; of filt,rr mstcriab, eHpecinlly wi(h the view mf reducing 0~ effect nf high humidity upon 
t,hr fl trr and for incrc:tsing t>he filtm,tirrt~ of liquid Ymoke parl,iclos. 

lmprovcd F’ilkr T)eBign. To tmhsign t,he filt,cr of 11~ gas mask cn,nialcr so :LH to provide for Ohc 
nu~xirnum filter surface with the hrst filter rrlsterinl. 

Prnduc(ion and St,nhili~~~l,itrrt of a Fog. 
Part a: F:xlcnded to inchldc a project, to color thr: smoke I,roducrd hy lhc unit develnpcd hp 

Dr. 1. Lllngmuir. 
Part, II: Transfcrrcd t,o N&123. 
Devcloprnent of Prot,ccl,ivc Clot,h. To develop :l, charcoul impregn~~,l ing cl&h wit,h n, binding 

agent, nt,llcr Ihan rubber or synI,hc( ic rubber which will give better protection ag:tinst chemicn,l 
agents for which lhe present, clot,hing does riot give gond pro(cnt8ion of thr, presrn 1, clothing ngrtinst, 
the agents for which I,hrrr is now nmplr prol&ion. 

Met,rnrology Applied t,n Chemical Warfare. Thr! nccumulation 2nd cvaluu(ion of micrnmclcoro- 
logical dHt:t nud thr dct,r~minlLt,iorl of the hehnvior (-)I chalnical wnrfnrc agents under vn,rinus 
cl imatolngicnl atld terrain condii,inns rind lhe development, of suitable instrumcnls. 

Simpl’ln atId IJnusunl Muniliont: for Setting up Field Conoentrat>ions nf Chemical Wnrfnrr: ARenta. 
Oxygen Breathing Appnmtns. Dcvcloprrrent of oxygen hrcslhi ng :tppnratIus for 116e with liquid 

oxygen. St,udics and experinient,al iiivcsl,ig:tl.itrris in connebinn with the develnpmrnl of indicating 
inslrurnent,~ for dci crtriinirig low conrent,r:at,inns 0r noxious g3srs in air. 

Diasipalior: of PER Over hirfiold Hunways, Yevclnpmcrrt, of Meant of. 
&vehpmcnl of :tu Accurttt>e Mcl,hntl of Kvaluating Smnkr Gcnernted by Smoke Signals. 
Problems Rrlntcd to the Manufn,ct,urc and USC of Potati.qium Fcrcrxide in Oxygen Brcolhing Equip- 

men I,. 
:t. Thr production of I<@I frrrrn Po18aswium compounds, : tvoiding t,hn use of mclallic potnsGum or 

sodium. 
lb Sources of cheap rnet:bllic potnssium. 
c. Vapor-liquid equilihri ~111 tlat,a for t;odium-pnt,n,sainnl. 
d. Devclopmcr~ t, of an dlny t,n wilhslnnd liquid alkalies n,t 600-800”. 
e. NitrnKcn fixaliori at, -3O”(! for climinalion of nitrogen from oxygen breathing cquipmcn0 al 

high altitudes. 
f. Development, of fin instrument for the menaurcmcnl or oxygen pnrt8ial prcssurrs. 
8. Rc:Lct:tnt to remove cbnn dictxidc and water vapor from air at -3OY:. 
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LS’ewice t’rnject Nn. 
,,” -- 

NT,-Til I 
NT,-B2O 

NT,-1328 

NL-H29 

NI,-1334 

NM-100 
NO--276 
NO- 292 
NS-123 
NS-150 

NS%W 

SC: (i 

h. Iie:tct>nnt, evolving heat, on cont,:tct, wi(h rsrbon dioxide or w:tt,ct’ vapor al low t~nnpcrfljt71rcs by 
Trigger reactant, for l&O,. 

,Inalyl ical Mrthodx rmd Tcchniyue for r)et,crmining tha ProtectBive Properlics of Gas MRsk 
C::lnialrrs hgninst, Must,nrd (ins, Phosgerlt:, Chloropicrin, Hydrogelr Cyanide, Arsin, :117d such 

trt her (Irises ns mny possibly be used in Chemical Attack. 
Ihqdnced by NS-33% 
I kveloprner~t~ of a Tktlcr Chcmicnl than “Wl7etleritc” for Filtering of Neutralizing Toxic W:17 

C::rscs ParI ic7llerly K:nder (Jonditiona of TTigh Tcmprrzat77re and TTumidiOy Cnmhined wit,h Salt 
Spray. 

Keplaced by NS 338. 
Cheek Ohc Rllinicncy of tha New (:hurcoal r)cvt:lopcd by the (:hernical Warfare Mcrvire in Corn- 

p:uGon wit,h Cncnn77t, Shell Charcud with Fartic77lar (:onuiclet,:Ltior~ of Conditions of High Tem- 
per,zt,ure and I-lumidit,y Cornbirlcd with Sn,lt, Spray. 

T&placed by NS--338. 
Trnp~~~vcd Mcl,hods of Menpurement TOI* Study rrf Prntect,ion C:ivf:rl by Filt,rrs Against Smokes at 

High Hnmidit,it=s. 
l&plnced by ss-338. 
TXspersnl of DDT. 
Colored Smukcb: for Target, ldentific7tt ion and Sicn, Markers. 
(Consulting Srrvice 0x7 Desigu and Constr77ction of PWI’ Tuding PItEnt. 
The Colo~,ir~g of Srnukc from n, Lnngmuir Iinif,. 
Comhust ion Gas Type Smoke Generator. TIcsired t>o fulfill t,hr following reyuiremet7ta: 
I. Rurr7 as fuel :L liq77id which b in com~uon 71s~: by the S:tvy. 

2. Make opt,immum smoke at :t oorrlhusl,ion mt,c of about, 300 I c) 400 gallorlc; per ho7rr. 
Investig:tt,ion of Respiratory Frot,cct inn. To cover work not, only on gus absorbent#s, but :dso on 

caniste~z, facepieces, slouch din,phrp;ms, outlet v:rlvcs, filt,rrs, rt71d rnrihr~ds of protectjiorl :LgninsL 
:my new t,ype of agent,. 

Tt7vcstigaOion d I,hr Chemistry of Insrcl,icidcs md liepellarl (s. LIevise urr:ly(iasl prowd77res for 
tlct,crmining t,hr: constit>ue77ts present, in UDT, t,o isolalc, chrl,mcterixe and synt,hrsixe these con- 
st>it,uent,s YO t,hnt t,hrir relative 1 nxirit>y cnn be dct,crminrd rind to sl lldy prnjctJicnl rriethods Of 
pwifkttion. Olhcr insrcticides find repelltmls will be included in the scope of Illc investi- 

galinn. 
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r:tt,e of adawpl ion, IO4-.I05 
\v:ller rldsnrplinn isot,liernis, 102-101. 

Adiiorptiori VS. abaurption, 9 
Aclijorplion wave, IfX-182 

nrtnistcr lift cqlMions, 1X1-182 
ourval,urr, ndsnrpiinn isotherm, 173 
frrcl,ors affecting brcnk time, 174 --I 80 
I‘CrlSOllH fw study of WLVB, I lie- I70 
speed d :IdRC,llI.)l,i(.,rl, I70 
:trps in rcmnvnl of toxic ~:IH from 

fLir, 16%170 
arumnirtry, I&2 
sy~nbols used in shdy, I X2 

hdsorption wn,vc theoriefi, 170 --174 
rliffiision :Lfi rate-coritrollirlg sl,i:l~, 

1.71 I73 
t$Fluertt cnnccntrn,lion c,nvc, 170 
grr~cr:rl diffcrcn1in.l cqlrn,l,ion, 170-171 
rcmovnl rate det,erminetL by more 

than ,.)llP st,rp, I73 
ad:Lnc rcdinn >ts I,n,I,c-controlling 

step, 172-173 
tJheories compared with expcrirncnt), 

I 73% I 74 
vil,ri:d-Jr9 cffccl,ing rcniovd rate, I7 I 

A&s acgypfi, I )T)‘l’ t,est mtrsquit,nes, 
581-583 

.2crograms (lllcrmndyn.l,mic gi-rtphs) 2 I4 
Acrnsol clnlld cvn,pnrdnn, 412-419 

hoi Inrlnry curves of concent,I,:lt,ion in 
cl.oud, 41 7 

dfcct, nr nonvnln.l,ilc imprit,ies, 414 
415,41x-419 

effect, of temperature ntl vnpnr Con- 
cc II 1.r:~ 1, i 011, 4 I 3 

evnpnrn,l,inn equntioq 415.~417 
maximum drop fiixc for x:dilmt,ioii 

mninl cn~,nce, 413-414, 417- 418 
nrmmcnclnt,ure, 41X-419 
Ijcrsist,cnca dependent on saturut8jon, 

412-413 
make cloud ev:rportdirrri, 386-387 

.ZcrosoI co:gulxl,irrn, 305-3OH 
xdc n/so; hernsnl settling 
Hrowninn motion, 305-3Oti 
coJlceritral,iorl gradicnl,, 305~3OG 
hotnogeneous ncrnsnl cnn,gdnt,ion, 3Ofi 
Inw of n,t,mnsphere, 305-306 
stirred tiet,tling and no:~g~~l~~l,inn com- 

1 )i ncd, 8Ofi-30X 
summ:uy, 297 

Aerosol co:tgulul,i0n hy sound vituatjoii, 
30!)-3 I3 

:I l,l,ra.cl,inn of pni%icles due tu air Ino- 
t8ion, 311-312 
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710 INDEX 

C2trbon rwmoxide renction wit,h mni- 
natcd resins, XB 

(:nrbon t,et,mchlnridc ndsorption l)y 
chnrctwl, 141 

C:n,rtmns ror gas mask filters 
see Activated chnrcnal 

Carbon-smoke penet,rometer, 373 
Chrdox gas-eject,ion bomb, 542 
CLlscudc impactor, collect,ion of iusect,i- 

cidc sn rnplcs, 599 
CLttalytic actinns of n cl,ivn,Icd ch.l,rcnRl, 

52-53 
(.lent,rifug,zl forces, aerosol coagulat,ioil, 

302 
C:cntrifug:tl sep:tr:tt,ion, 335-336 
Chascslit,e drier, 203-204 
C.Jlirtrcoal, nctivn,t cd 

see Activated chnrcnnl 
C:harcoal as thermal Kenerrttor fuel 

see Thcrtnal geueratJor fIleI blocks 
(Ihnrcnnl chsrncteristics, meanuremenl, 

97-140 
:idsorp(iorl and mnleculn,r st,rucl,tirf, 

134-140 

h&ti of adsorption :l,nd immersion, 
142-143 

influcncc of pore size on perfnrm:ttlce, 
117-121 

oxygen snrfncc complexes, 125-132 
port size :tlterat,ion, I2 I-l 25 
porn sixc :rud dist#ribI1tinn, 108-l 17 
retentivity, 14% 144 

sunmttry, 147-149 
au-face ccrat,irtgs, 132-134 

C%srcoal imprc~tnttliorl, 40 87 
.I,bsorberl t ret& n,s n,cOiva ted char- 

eon,1 suhst,ilutes, &4-X7 
c:ttalyt,ic rcnct ions;, 52-53 
compounds used as impregnn,nts, 53 

55 
cnppcr-silvel.-clir(~i~ii~~~n imprcgrlauts, 

64-H 
hcxtlmiue imprcgnn(ion, 4s -50 
iodic acid i rnpregnat,ion, 56 
mercury impregnation, 5fi 
molybdenum nmnd vanadium imprcg- 

n:lt~iori, 57-G4 
organic bn,sc itnpregnntJions, Xl--X4 
rcactiorlti during r%dsorption ~WXW, 

53 
thiocyanate imprcgnalious, 50-62 
vapor phase imprcgnxlion, 5,(i 
whet,lcri(,cs, 40-41 

C%arco:tl pnrc size, alteration, 121-125 
chroruium oxide t.rcnLrr~eIlt, 124.-125 
hydrogcrratiou wifhnu 0 irrrprqqnn- 

tinn ( I 23 

infiricncc of inipregnnnis nn nltcr- 
ntinn, 124- 12.5 

iron oxide tJreatImcnt,, 124 -125 
nickclous oxide trent,menl, I25 
partSin nxidaliorl wit#hout imprcg- 

natmion, 124 
stIctlmi tlg wit,tiout iriipreglin,t,ic-rti, I23 

( !Im,i-coal pO”C size, irlfl1Iellcr: 011 per- 
fnrmaiIcc, 117. ,121 

free vnlumc nf pr-rrc :IS efficiency cri- 
terion, 118-119 

mncrnporc volume md cymogcrl 
chlnridc nclivity, I19 

pore me:*t;uremenl s find cyarrogen 
chloride lives, 118-l I9 

pnrc mc:1suremeut,s rind nnxiirtls 
gases, 120- I2 I 

terminology, 117 
(‘hnrcon,l pore size, measurcinerlf., I08 - 

II7 
Kelvin cq~~:rlior~, 109-112 
rlrei-cury fnrccd inlo chnrconl, prcs- 

sure measured, 114-I I7 
molecular size :~ti criterion, 108-109 
surface Itrct1, changes from U’R.(,CI 

take-up, 113-1 14 
Wn,l,cr dsorption rind drscqjliorr iao- 

l,hcrms, 112.-113 

CXtLrconl Btruct,urc, 145-l 47 

chclrlic:tl bahavinr, 146 
cyli ridrical cnpillnrics, 146 
clcclrori microscope nbsorvntiorls, 146 
cxpftnsinn during ndsnrpt.inn, l4B 
microticopic sludy, 145 
plat~elet ni-mngcntent of carbon in 

ChlUYW~tl, 145 
pore shn,pc, 145 
speculative nR lure of studies, 145 

hr. densit>y nf cn,rbnn irl charconl, 
148-l 47 

h’:Ly HtUdy, I45 
Charco:tl surf:tcc area mensurcmcnt, 

97-102 
adsorption met,hnd of rrlc:taurementS, 

97-99 
methods, 9!>- IO I 

performance prcdid inns from meas- 
irrcmerrtt;, 101-102 

(.%emicnl acl,iv:ttiou of charcnA,I, 38 
39 

C%ctrl icul behavior of clio,rcnal, 146 
( lhemicnl bntr~l~s, 424-441 

SW also E2YRl chemicn,l bomb 
lmsio dosrtgr equat,ion, 430 
chnicc nf sim and dosage, 430 
dn~.~,gc disl,ribul,ion, 430-432 
effect, of metcnrnlngical conditions, 

430.--431 
intcgr&d crosswir~d dosage, 430 
munitions’ cffcd ivcnesti, 431-432 

Wgcl area covcrcd by given dns- 
ngr!, 429-430 

Uhemicnl removal of gn~es, 150-l 68 
acid-forming g:lscs, 152-l&5 
hnsc-fnrrning gn~es, I65 -166 
g:tse~ retained by physicn,l &nq- 

I,ion, U-152 
purpose of investignliorr, 150 
readily oxidizable gases, 11+168 
readily reducible gnscs, I68 
steps in remnval process, I li!I- I70 

Chcrrrisorption of gases by whetlerit,es, 
144 

Chloride smnkc screen mixi,urcs, 488.-. 
494 

n,nllydrous ferric chloride manufnc- 
t,ure, 49 I-492 

chloride complexes, 492-493 
chlorine carriers, 490.-491 
chloropropane, 494 
dcvcloptnent of mixi,IIrcs, 488 -490 
ferric chlnridc and rtluminllrrl mix- 

ture, 49-4!)2 
high cficieiicy mixt,llrcs, 493 -494 
st,nbilit,,y of mixtures, 491 

CMorine surfn,cc complexes on charcoal, 
133 

C:hlnrnpicrirl 
:tdfiorptJinn on clarcoal, 140 
cuniater prot&ior~ ugninst, chloro- 

picrin, 200 
cffcct of gas mixt,urc’s Ilunliditmy, 151 
nn,l~urc nf desorbed prnduot, I.51 
ratre of remnval, 179 
react#ion wit,h l~Lse chnrco:tl arid 

whclJcrites, 151 
C:tiloropicriii gas test 

dis:tdvaiit,ngcti, I!) 
npmtlicrn, I& 

use, 13 
Clhopropme, mmkc SCI’CCII we, 494 
Chromium udaorpt,inn from whetleritJe 

solu~icms, 73-74 
cnppcr chrorrirtte remnvfl,l nF cyano- 

gen chlnridc, 73-74 
precipitate formal ion, 73 
valence state of imprcgnanl,, 73-74 

Chromium imprcgn:ttJed charcoal, G2 
Chromium oxide as charcoal impi-eg- 

mnt, 124-125 
C:ln,llsi~~s-C:l~tLpey~on equn&m, qqjlicd 

tJn whet,lcrile solut,iom, IX 
C:lnuds of smoke 

see Smoke clouds 
CIouds of toxic gnscs 

see Gas cloudij 
(:nal, use in rnaufacture of activnt,cd 

chnrcnrr,l, 25 
C:ocorlutn, gas mn,sk ch<trco>tl m:ttc- 

riul 

dcficicncics, 23 



INDEX 711 

itnprovcmcnt, prncetjs, 31 
performance, 25 

C.:olor of light, (r:msmit,tetl t IllVugh Fog, 
350 

absorption c11:11’aci cristica, 332 
cnlcnlatiun I :lhles, 333 
color dislrihut,ion, 32 l-322 
color nf t,rnnsrnil ted light, 333 
11yr smoke prl,icla size, 333 
mnltiplc scn,tt,ering, 333 
optic:rl density 0F prn’c dye Bmoke, 

333 
(.‘olored stnokc identifin:l I it Bn hntnb, 

455-458 
notnpntlerlts, 456.-457 
dyes, 458 
flntnittg oonl,rnl, 457-458 
furl ljlnck form&Is, 46 I 
nylon pAI.:LcIlItI,c, 457 
operat,iott , 456 

(‘olorcd smnke signal, 45 l-455 
corlslruct,ion, 453 454 
clcvclopmen~, 45 l-452 
dye chtnhcr, 464-455 
fuel hlnck formulas, 46 I 
opcratioti, 464 

light, cxt,inution by fng, 3R9-390 
light. cxtiric tiorl by screening smoke, 

390 
visibilit,y tleperldetl t on cnncctibs- 

Lion, 390 
visihilitSy fortnuln, 390-392 
visibility in natural fog, 389 

(bnvecliotl, vertical air tnnvcrncnl , 
219 220, BXKSC 

(~onvectiotl currents in aerofiol settling 
procetis, 303 

ClonvectJive ceiling, smoke rlouds, 385 
(:opper Curhnniie, 41 
(:opp’:r compounds, effecl, of dchydt+ 

ticrn :I nd rvnporxtJion, 41 
(hpper imprcgnnterl charcoal 

st:e Wheblerites 
C’oppcr-silver-chrc,nliuIxl whetlerites, 

64-81 
nmmoniat cvnlui,ion, 78 
~o~rlp~u~!d with molybdenum whetler- 

it>ea, 61 -62, B4 

coiiverfiiun, one whctlcrilc (0 ancjl,hcr, 
81 

efft?Cls Of 1jasc charcoal, 74 
Icaching and renhetlerizat,i(~lj, 7R-X0 
metallic corlstituenls, 67 

rcmnvnl of gases, mechanistn rrf, 74- 
7G 

C:rrppCr-silver-“hr(~lnillnl wlte~lwi~cs, 
aging, 75.7G 

nging nnder field cortdi~inns, 76 
canister design, effect, on aging, 7G 
charco:ll surface, effect, on aging, 

75-76 
iiat~ure of aging process, 75-76 
organic hs,sc additions, 82 -84 
pH fn,ct,or, effect on aging, 75 
stnrage in closed ccrnl.nincrs, 7;i 

C:oppel,-silver-cllr~~~nillm mhr+leritel;, 
prnrhiction, 76-78 

:air flow, 77 
back feeding, 7X 
charge 1 cnipcrat,imb, 77 
drier, GX, 77 
fllfr! gas, 78 
impregnalnr, 763 
lernpcmtnre schedule, 77 

~~,:rp1jcr-~ilver-cl~romiutn wlictlrritra. 
solulinns, G4-74 

n,mmou i:t :Ind cs,rhnn dioxide Coil- 
ccntration, GB 

chromium ~tdsrrrpl~irm, 78-74 
copper :tnd clirntninm concerl t I’:&- 

lions, 64-f% 
he:rts of snlut~ion, 71 
1:lhnrntory irnpregnnt ion, f.iX 
metallic nonsl,il,ucnl,s, G&67 
prcpntw tion, G7 
valjnr pret;sure, 6X 
volatile cotlst,i t,ucnt,s, 71 

(‘ororiae tncnsnremetita, lightS be:lrn iti 

fog, 847-348 
“C:rit,icn,l bed dept,h,” gas, 177-182 

:Ipproxiriial iutl tnct,l~r~tls of determi- 
rla(iirtl, 1X1-1% 

drpl,h due to diffusion, 177 -178 
dcpl Ii rhic t>o granular processes, I78 
mcchaniam of tetnnvttl, I7(J-I 80 
nature of :tdsnrhcnt, 1X0 
v:triat,inn with velocity of flow, 

178 
(!rmnirigl~t~tn cnrrccl inn cos,grtln,t,inti 

erpat,ion, 3OG 
C:Wfi-MIT-El carlister t,ester, 372 
C:WS-MIT-ES phntnclcct,ric stnnkc 

pcnct,romet~er, 3G7 
Cyanogcn chloride 

canister prot,ectiori, I98 -199 
cnnd~~ctimetric arlaly&, 285 
lives of gtttj masks, X2, 118-121 
proper1 its and react,ions, L-56 
pool rct,ion of hexaminc impregnated 

ndsorberits, 50 
prot,ectiori of l.ltiocyarlale itnpwg- 

tr:hxl whctlwiles, 5 I 
reaclinn wil,h organic bsxcs, Xl-X2 
survcilkmcc, 91 

L 

Cyariogen chloride re trinval mcch:&m, 
161-164 

complexity of rnecharlistn, I Gl 
copper oxide role in rcs,ctinti, IA1 
hydrolysis, 163-l 64 
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Ctrr~cigrl c:trtiaters, 104 
gts pcnclr~lion theory, 12-13 
hydrogen cyn,nidc, 199 
nilrogw dicrxide, 201 
phosp;r!nc, I !G I95 
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hrtrtlneas t#ecjt, 20 
heat of wcttirlg, 21; 
Ilunridily, 18-14 
indicn,l,ors, 15-l fi 
layer depth studies, 20 
ro~igli h:tudliug rei;istarrce, 21 
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X8-- 89 
in gat; mask testing, IX-14 
tnicrc-rtnPt~olologicn1 me:tsut~emcrll,s, 

2;55 
TTyrlroc:tI,l,onP, as r~rtliflnalt ngetits, 

G l!M20 
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Ihcrmnl dn,bilit,y, 560 
viscosity of rubber dut,ion, 671L572 

PWP (plasticid white phosphorus), 
rlluniborls, 555 -565 

ldlist,ic stability, 557-,56X 
comparison with whit,e phosphorus 

rnunit,ions, 581 -564 
filling weigh& 5.57 
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co:Lls, 41 
Raylcigh theory of acat,t,ered light,, 31X 
Reflccl,ion of’ s&r ratlintion by ntmos- 
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CffCCl of Im,,rcgrutr,1,s, gti-87 
evolutioii of n,mmoniq 87 
impregiiution, 86 
prepwltiorl, 85 86 
vtrlurr1c: charlgea \\;it,h llurrridit,y, 

x5-Xfi 
Reynolds number 

flow of filiids mcasurcmcnI, I74- I75 
viscniis infllicncc npo11 flow, nicapIirc- 

merit of, 621 -622 
wind tunnel studielj, 638 639 

I~ichardson nlrrnhcr, rdaliorl tr-I gas 
rloitd tmvcl, 283 

Hock wool :ts aerosol fib, 191, 357 
S58 

“BotBary disirihutor ijanilder,” gases, 
a9 I -2!.Y2 

l?lthher, PWP (plnst,icizcd whita phos- 
~)horua) constituent,, 5S3-hT,S 

R:irall ch:trcc-r:tl 
chnmctcristics, 25 
of thWJWtiC:d ih3’Wt, 31 
prcparnl,ion pmccss, 3 I 

tiawdlrsl,, 0~1 ivnlcd charconl raw nlate- 
rid, 25 

Hn~~~vtLu~t-rlllori~~ smoke pot mixlllrcs, 
497-49!) 

Scn,ttering of light, I,y colored parl iclcs, 
332 333 

&hSnrplilH~ c~w’:tcLcrisliw, 332 
cnlculr~ I ic)n L:lhlcs, 833 
cdor of tm,nsmit,terl light>, 33:j 
dye timoke I)article size, 333 
multiple tic:tttering, effect on colors, 

338 
opticnl dcnsit,y, pm’c dye c;rntrke, 

333 
8cattering of light) IJy noniinifni-ni siw 

IJ:tr(iCk!S, 327-330 

. 

scnttelitig analysis, 329-330 
I,nlnsmissirrn iu s&ling, 32&329 

iSc111,l crinE of light by sin&! p:lrf i&s, 
318 321 

A.Il~lJlRI dist8r~ibut8ion of inlcn%Ly, 
321 

iiitJentiity of scn,ticrcct lik*litJ, 81X 
Mie theory, 318-321 
plarie-pl.rlariz:ed comp(-oichts, 32 I 
sn~l,l,crinp; cncf%cient, 31X-;YSo 
l,ot,d sc:ttJtering, nne pat~t,icle per unit 

int8erwity, 318 

effedive density, 33 l-332 
effcntive refractive inilcx, :j:jl-:j32 
pnhrizlt~inn, 330 
scinl,ill~.l,in~ pdiclcs, 330.-331 
tmnsmission in sett>ling, 33 I-332 

Scn,t,t,eriiiK of light, by ,111 iform sim par- 
tirdc,s, 321 327 

:~nguln~ cnlnr dislril)utioll, 321-32’2 
polnrizatioii, 322-323 
ticattering I)y large pnrt,iclrs, 327 
total tical t.cring, 323-326 
I I’:, nstnission 3% 

WcrccninK by Hmnkr 
see Smoke tiicreenij 

Sett bNYWS 
cfTcc1 on gas clmid travrl, 284 
~ncteorologicnl chnrflclcrisl,ice, “23, 

3R3 384 
cl!, isl:ltt(ls, 224 

Sclcninm tlcxafluoride, 16G 
Sell’tj crtlciiln~~inns of particle jmpacla- 

llilit,y, 534-535 
Scllling of nerosols under gr avil,y 

SAC i2ert)sol sett,ling 
Shemy:t ir~slallations, fog tlisprrs:tl 

sl Iidics, fXN 
Rilvcr dsorption I-ry whcllcrizirq iiolri- 

tions, 44 
Silver pe~iiirtngrtriate, wtrhnn inoiiosidc 

cat:rlysl, 206 
Silver pcrnxirlp, c:d~rrl monoxide csta- 

lyst,, 205 
Slide rule [or gas noriceritl.:ttiO11 cf~lczlln- 

l,ion, 2fX 
Slope-o-meter, 348-350 

ctmst,ruct,ion, 348-360 
light, transinissioii :is wnvclen~tll 

furlcbn, 348 
IimitnGons, 860 
opernGnn, 361) 

Smoke 
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diwi,cl ivc smoke test, 362 
Smoke form:ttion 

we i\arosol rolwal ion 
Smcjkc from color dyea, 332 333 

dwwptinn propertiefi, 332 
color of t,rnnsmit~ted ligh 0, 333 
colored smoke nlnuds, 3!KJ 
opt,icd dcnsii y, 332-333 
I>&rl,icl~ sizes, 333 

Smoke gener:Ltow for :I irplanes 
see Bitplane exlwlsi, gcnerrttw 

Smoke ohscrvn~l inn inutrumeu0, Owl, 
343-347 

Smoke pwtinle wrnplcr, 336-337 
dv;LnI:LgCs, 33: 
nrrnstruct,ion, 336 
lit,hopone aid zinc oxidr deposit,n 011 

slirleij, 337 

t q~l id, :jfi2--363 
p:11’1 iclc-connting slnokc prnctromr- 

tcr, 3BR 371 

364 
C:WR-MTT-T’,S p(wetwmetcr*, Xi7 
TTill Iwnrtrometw, 3G3 
Kimberly-( ‘lark rll:I)l”:lcrlnet,rr, 364 . 

365 
NTIRC bn,l:tncerl srntrku Gllcr, X6 
NL)R(!-El K% p(,llcl,mmcter, 3G5 367 
NltLE2 pwctrornclcr, X7 

Bmokc pal,, flon,t,ing, 441 448 
conl,rol of nil feed rate, 443 
rlenign alltl ct-)nsl,~~~cl irrn, 442-143 
fltratling stability, 445 
fuel block formul:~, 461 
opemtiond pvirlciplw, 44 l-442 
spwificatjitrlls, 441 
bxicity, 444-445 

Rrlwkc pot, mixtures, 485-5Oti 
npldications, 485 
:tv:til:d~il ity trf i ngrediente, 486 
corltin~.~ous srnokc Keneratorn, 4X5 
dial-a:r~(lllsI-c2ilorirle mixtures, 4!)7- 

4!49 
metd ctllol’id~~ Inixl,ures, 4X8 494 
st>ntJil i l y, 48X 
subs1 itillc specifiwt iow, t~wd for, 485 
sulfur-nitrate mixtJweb, 494-497 
Itrxicily, 488 

jellied oil, vapor prod~icinK mnterials, 
501 

non-jellied mixIuIw, 502 
primers, 506 

cffccf, nf smoke p:tr1iclr size, 4X7 
hygroscopio nntjllrc of mixtwel;, 486 
volntdit~y and dill1 I ion, 4X7-4X8 

Smoke prol,ection 
lY,!<! Gns ma& pr’olccl ion 

8moke puffer, wind tlet,ector, 254 
Smoke ticrccns, ,776 --379 

IJankc( vs. cwt,zin acrerr~s, 375 
colored smoke ncreens, X)2 
novrmge, 378 
lrlirl 1)~ airpln,ne exluunt smoke gcn- 

crrztorti, 513.-515 
laid by airplane mckcts, 5Tr4-5M 
laying met~htrds, 37X 
mcclianind :Ltomiznticrn pwducOirrn, 

406-4 OB 
rllrt,eorulogicnl cnnclitious, effccl, of, 

375 
obscuring power, 300 
oil vapor smoke gcncr:bt,ors, 377 378 

Rnlc-rkc screens, rn:d,crinls, 376 377 
SRC uluo Hmokr: pot mixturec: 
conglile,i ion period, 376-377 
in fl:wnmabil i ty, S77 
Iuwtirle :iizr, ail smoketi, 37Gj77 
requirernmtn, ,776 
YlllfUI’, 37G 

dcfcnsive wrccns, 370 
individual ship screen, 623 
offeiisivr screws, 379 
task force undt~r K:I~, scrwnillg of, 

522-523 
Smoke ~crwns, visibility, 38!)-392 

n,mount. of smoke reyuircd for obwr- 
vation, 391 302 

cotiditbmb a’l,prwchinC: dimI ion, 
390 

corllr:rst, limen, 380 
dcpelldence ori conccnt,rrtt,ion, 390 
light cxtinctioll by Fog, 3S9-,390 
light extinction l)y screening smoke, 

390 
viaibiliOy fornid:1, 39~8!)2 
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surging vs. nonsilrging chnrconls, 
472-474 

liquid fuels, 484 
srutrkelrss po\\&r. fuels, 482-483 

Thcrmnl gcncr:~ 1 nr ~IICIH, wtst, mixI,urcs, 
47n-4x2 

cast, vs. pr.rssed lxiktures, 479.-480 
fnrml11:r v:lri:tl,inns, 4X1-4x2 
mn,iiufnct,uring prncct;ii, 4X0 
ruixt ure formulas, 4Gl 
pTT nr mixture, 482 
propcrf iq 481) 
storn,gr, 1X2 
suggestions for irrlpl’“vcrrlcnl , 482 

Thcrtnnl gcncratnr fuels, prcsscil nlix- 
t~ures, 462 480 

Mnck proper~ ien, 462-463 
cnsl, vs. ~m:ss’:d tnixt,urcs, 47!J-480 
cont>rol of Mock chnrncteristirti, 4&- 

471 
nl:l,nilfact,ilrit~g proccdiirc, 48X 
mixt,iirc formnln,s, 461 
Iwrlcwhr mixturea, 477 480 
slor:~ge diffinulliea, 476-477 

Thrrrnn,l p!ncr:~i nr mllstn,rd pnl , 4 I!)- 
425 

conclusions 424~4% 
coiirlcnRntr:‘ct,mpositioli, 42%428 
experimeutnl models, 421-422 
field teds, 42% 424 
fuel Mock fnrmlllas, &i I 
npcmt,iou, 420-421 

‘lY1er111:t1 ger1rr:ttor types 41 1 -484 
colored arnoke rnurlitinns, 451 458 
lc29~K 1 I rordr, 424-44 I 
F7A lnusL>wd poi,, ll!I-425 

nil smnkc pots, 4,ll-,l4X 
sulfur srrloke genrr:toors, 448. 450 

Utmviolet ~,hotornetcr, gas sarnplet~, 
293 

Varetdium wliet>lerit,es, 62 -fi4 
oyn.nnKeri chloride lift, itlcre:tFe, 57 

nir acocrp r,,r ttl,nmitin Con, 406409 
n,irplalle exhttusl, gcncmtnr, 510 
:ttofrlizcr, 402-,106, 594 
v;l,pnrieer, modificalintls for lC2ARl 

IJO1 dr, 4X-43:‘, 
Vcsicant, dispersing ail.-l)ursl, bomb, 

r,27-630 
ndvnnt,ngea, 527 
tlex:Lgc.H~d lmnh, 52%529 
rnund hnmh, 529.-530 

Visibilit>y t,hrough I‘og and smoke, 389 
392 

Wnr grtsea 
acid fnrtrlitig, 152-165 
:1cy1 chlorides, NJ9 
:~miries, IBO: 
nmmoil ia, I B.5 
:wsi tic, I Bfi-168, MN 

I-asc-forming, 165 -I 66 
cnrtwl mtrnnxidc, 208-2063 
chloropicrin, 161 
cy:rn,rgcm chloride, 161 -164 
llunridcs, 15(i I.58 
fl~lol.oplro~pll:tl,~s, MWDOR 
genrr:tl crrnclusions, 164 166 
hydrrrgcn cyanide, 15X- 16: I, 6 1%620 
inorganic g:tsq liO4-8O!J 
mustard gas, 4 I !)-42S 
nitrogen dioxide, 155, 201 
nniipersitit8ent8 gases, 284-294 
plloagellc!, I Z-154, l!GlFtS 
readily nxidi7,oblc, 166 168 
rcl:tincd by physical rtdt;oq~l inn, ISl-- 

152 
sulfur dioxide, IX-L% 

Water :Idsnrpt,inn from rhrtrcoul 
8r’~’ Adsorption of \vn,ter vapnr from 

chn,rcnnl 
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~wparatior~ ccrrlditions, 44 
prcpn,ration proccns, 41 

Whet,lerit,e type AH 
plnnt pi-oduct,ion, 4.7 
preptiration conditions, 44 
prcpxrxlicrll ~I’IICPMH, 43-44 

WhctJcrit,cs, 40-48 
r:Ltrtlyst, locnt,ed by r:l,dioncl i vc I I’:LC- 

cl’s 643 
nhcmia~rptior~ of gaties, 144 
dcfinit,ion, 40 

&ivc t,rsccrs, 643 
type 11 mixture, 4X 

Whrtlerites, nging studies, 91-95 
:mccleruhd aging kda, 92 
c,znist,ern field use, %.-!I5 
cy:tnogen chloride prot,cctinn, ‘3 I 
dry stmOl’:tge, 91 

Wh&lerites, ORB ndsorption, 46-48 
rirsine adsorptiw, 4(3--47 
hnsic vupors t~dsorpt ioT1, 47 
hydrogen cyanide n,dsorption, 46-47 
“poisoning effect?‘, 47 
various vrtpora :t&orption, ,17-4X 

Whci,lcrit,es, hcxarnine impregnated, 
4x-50 

cyanogen chloride protectJion, 50 
disRdvsnlHgcs, 49 
hexnminc RpplicA t,ion prc~ccss, 49 
pH fnctor, effect, on imprcgnrrtils, 49 
s>~lIs udded OI.) i rnpregnnntS, 49-60 
S-rs.y st,ndics, 50 

WlK%lerites, molybdenum imprcgnalrd 
RM! Molybdenum whetJeritJes 

WhdlcriOcs, surveill:tnce, 8&-9B 
see also Wliel,lcrilcx, Hging studies 
r:tnister raging progrmns, 89-90 
c:Lrly sludica, nlietlerite AnbiliOy, 89 
effect, of moisluw on crtnistsr lives, 

S&&9 
tnolyt~denuni whetlerites, 95-9Li 
picolinc i~rlprcgn:tnts, 9B 

pyridine impregnants, 00 
vawdiuw whetlerites, 95--96 

Whcl,lcril,cs, thiocy:tn:tt,e impregnttted, 
N-52 

:tmmonin odor evolved, 5 1 
:rpplio:ttic-rrl t)o whatlerite type A, 50 
npplics~t inn iSo whet,lerite type AS, 51 
cynnogen chloride lift, 5 I 
disudv:intnges, 49 
effect of stolxge, 51 

Whcl,lcrizing sollllions, 44.--4ti 
,zdsorption of consl ituents from 

solulitrn, 44 
ct,nccnt~rs,t,ionx, 44 
gases evolved during drying, 40 
heat, of solution, 46 
silver :&otption, 44 
vapor prrssurc, 45 
S-my studies, 45 

Whytbw-Grrty powder dispersing 
bomb, 539 

Wind ciirt,ains, fj30-W3 

Wind direction 
cffcnl on srnokc cltrud I ravel, 381--3X2 
in wnodcd s~,I’c~,, 232-233 

Wind direction recorders, 240-247 
CIT type vane, 246 
X-puirll corrunercial vane, 247 
field use, 25!# 
r&y-type frequency met,er, 250-257 

Wind fluct~uations, 219-224 
n,nn,hrll,ic winds, 223 
convect,inn, 21!)-220 
eddy velocity, 220 
gr~~dicnt wind, 220 
gmvii,y winds, 222-228 
gustiness, 220 
k:it#ulrat#ic wind, 222 
lnnd Nld sc:L tm!xea, 2X-224 
surfncc wind, 220 
thermal belt,s, 223 
I ut%ulcnce, 219 -220 

Wind speed 
nt vnrinus heights, 222 
effect nn :tre:t covered by gns 

clouds, 277 

cffccl on cfficierlcy of was cloud, 
260 

effect on gustiness, 220 
cffecl on 1,000 lb gns bombs, 269-270 
cffecl OII smoke cloud travel, 381- 

382 
in wooded ureas, 2X-2332 
rllC:LSIII’eJIICflIR, 221-222 
t,nrbulcnce IYLIISC, 382 

Wind t,nnnel st,ildics, 621. -639 
experimeut,ntion t,cchniquc, 8X-624 
flow tr~c~~~s1uxmt)nt, instruments, 023 
flow nver tJerra,in models, li38- 639 
flow pat,tern nronnd irrcgul>lr bnund- 

tws, 63X 
fluid mcch~lnics, furidrtm(~nt,rtl i-eln- 

tinnships, fX2 I-622 
fog disperssl, B24-833 
gas diffusion, 633-63X 
mndcl mrt~tiod of st,udy, 622 
wind t,inincl cnnslruct,ion, 623--624 

Wooded rtrene, microrrlct,crrrolngy, 2X- 
238 

fnrcst, t,empcrnt,rn’cs, 234-2X 
low cnnopy jnnglc nnndil,innr, 237- 

238 
I,urhulcncc i II fwesl, 236 
wind dircct,ion, 2a2--2% 
wind speed, 230-232 

S-ray studies 
chnrcortl strnct~lml chnm,ct,eriatics, 

145 
copper oontenl of wlretlerites, 45 
hcxnminc imprcgnnl cd whct,lcritcs, 

50 

Zinc chloride process, chxrcnnl nct;ivn,- 
t#ion, 38-39 

cnlcinalion, prirmtry and secondnry, 
3!, 

developmentJ, 3X 
rxianufacturing process, 3X-39 
mcchn,nism of act,ivation, 39 
renct,inn of mixer, 39 

Zirrc impregrutted chnrconls, 57-58 
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